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Bone cells respond tomechanical stimuli by producing a variety of biological signals, and one of the earliest events
is intracellular calcium ([Ca2+]i)mobilization. Our recently developed ex vivo live [Ca2+]i imaging system revealed
that bone cells in intact bone explants showed autonomous [Ca2+]i oscillations, and osteocytes specifically mod-
ulated these oscillations through gap junctions. However, the behavior and connectivity of the [Ca2+]i signaling
networks in mechanotransduction have not been investigated in intact bone. We herein introduce a novel
fluid-flow platform for probing cellular signaling networks in live intact bone, which allows the application of
capillary-driven flow just on the bone explant surface while performing real-time fluorogenic monitoring of the
[Ca2+]i changes. In response to the flow, the percentage of responsive cells was increased in both osteoblasts
and osteocytes, together with upregulation of c-fos expression in the explants. However, enhancement of the
peak relative fluorescence intensity was not evident. Treatment with 18 α-GA, a reversible inhibitor of gap junc-
tion, significantly blocked the [Ca2+]i responsiveness in osteocytes without exerting any major effect in osteo-
blasts. On the contrary, such treatment significantly decreased the flow-activated oscillatory response frequency
in both osteoblasts and osteocytes. The stretch-activated membrane channel, when blocked by Gd3+, is less
affected in the flow-induced [Ca2+]i response. These findings indicated that flow-induced mechanical stimuli ac-
companied the activation of the autonomous [Ca2+]i oscillations in both osteoblasts and osteocytes via gap
junction-mediated cell–cell communication and hemichannel. Although how the bone sense the mechanical
stimuli in vivo still needs to be elucidated, the present study suggests that cell-cell signaling via augmented gap
junction and hemichannel-mediated [Ca2+]i mobilization could be involved as an early signaling event in
mechanotransduction.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Ca2+ is an important signalingmessenger controlling many cellular
processes, such as gene transcription, immune responses, and cell
proliferation [1]. It has the ability to transduce extracellular signals
(i.e., physical stress) into an intracellular response. In mammalian
cells, the intracellular calcium ([Ca2+]i) signaling is a complex and dy-
namic process. One of the potentially important aspects of [Ca2+]i sig-
naling is its variety of spatial and temporal patterns and oscillatory
behavior. The frequency, amplitude, and spatial localization of [Ca2+]i
signaling control the efficiency and specificity of many cellular re-
sponses [2–4], and such behaviors can vary depending on the cell type
and different cellular functions [5,6]. Although it is generally agreed
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that an increase in [Ca2+]i is sufficient for the stimulus–response in
most excitable cells, the role of Ca2+ in non-excitable cells is less clear.

The biochemical signaling evoked by mechanical stress in bone
cells is thought to be crucial for bone formation and remodeling via
direct cell–cell communications and by soluble factors [7–9]. One of
the earliest events in the bone cell mechanotransduction is [Ca2+]i
mobilization, which translates mechanical stimuli into biochemical
signals as a messenger activating various cellular functions [10–12].
The characteristics of the [Ca2+]i responses in bone cells, which are
known as non-excitable cells, are modulated by their complex
three-dimensional (3D) network via intercellular communications
within the mineralized extracellular matrix [13–16]. These networks
mainly consist of osteoblasts and osteocytes, and are thought to be
able to work in synchrony to propagate locally generated signals
throughout the skeletal tissue [17,18].

Previous in vitro studies have shown that the application of fluid
shear stress to isolated osteoblasts and osteocytes results in a rapid
transient increase in their [Ca2+]i [13,19–21]. Although the release of
Ca2+ and a variety of biochemical signals observed in vitro can very
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likely be attributed to mechanical stress, these results provide little in-
formation about the [Ca2+]i signaling networks in response to mechan-
ical stress in vivo or ex vivo, which may be a key factor revealing the
bone cell mechanosensitivity. Thus, it is important to investigate the in-
dividual levels of mechanical stress-induced [Ca2+]i signaling within
organized tissue in order to understand how the cells in whole tissues
respond to mechanical strain. To address these issues, we have recently
developed a novel ex vivo live [Ca2+]i imaging system, which makes it
possible to observe the autonomous [Ca2+]i oscillations. This system re-
vealed that osteocytes specifically modulate these oscillations through
gap junctions [22].

Gap junctions are thought to play an important role in the forma-
tion of the osteoblasts–osteocytes network, and are major regulators
of [Ca2+]i signaling [14,23–25]. Many investigators have suggested
that gap junctions communicate biochemical signals evoked by me-
chanical stress; thus, mechanical stress may influence not only bone
remodeling, but also any cellular function dependent on gap junction-
al intercellular communication (GJIC) [26–33]. The GJIC mediated by
connexin43 (Cx43) plays an important role in the bone cell response
to mechanical stimulation, and its function is probably involved in
cell–cell communication. Cx43 plays essential biological roles in nor-
mal osteogenesis, craniofacial development, and in osteoblast differ-
entiation [34]. Accordingly, Cx43 gene mutations have been linked
to several debilitating diseases and tissue malformations [35]. In
spite of the realization that the fluid flow activation of bone cells re-
lies on the initiation of [Ca2+]i responses [36], little is known about
the regulation of GJIC in the response to the mechanical stimulation
of bone cells in their natural conformation and structure, due to the
relative inaccessibility of osteocytes in the mineralized matrix.

The present study clearly showed, for the first time, the dynamic ele-
vations in [Ca2+]i that occur in osteoblasts and osteocytes in the
pericellular physicochemical environment. We further developed a
method to apply fluid-flow stress to living bone explants in our
real-time imaging system. Our experimental protocol enabled the obser-
vation of different patterns of [Ca2+]i distribution between osteocytes
and osteoblasts, with high temporal and spatial resolution in intact
bone. To investigate the possible roles of an integrated [Ca2+]i signaling
network involving gap junctions among bone cells, we applied a
Cx43-mediated gap junction inhibitor to this experimental system and
observed the subsequent changes in [Ca2+]i signaling that occurred in os-
teoblasts and osteocytes.

2. Materials and methods

2.1. Preparation of bone fragments

Calvariaewereobtained from16-day-oldembryonic chicks andwashed
with alpha-modified Minimum Essential Medium (α-MEM; Invitrogen,
Carlsbad, CA, USA) to remove non-adherent cells. After stripping away
the periosteum, the calvariae were trimmed into 2×2 mm pieces for fur-
ther use. The thickness of the samples ranged from 60 to 80 μm.

2.2. Induction of fluid flow-induced mechanical stress

Fluid flow on the capillary suction apparatus [37] was used to ex-
amine the mechano-induced [Ca2+]i responses by the previously
reported method [38,39], with some modifications. Bone explants
were placed on glass slides (MATSUNAMI, Osaka, Japan) and held in
place by a parallel-plate flow chamber using adhesive grease. Capil-
lary diffusion-aided fluid flow was applied to the explants by adding
a drop of solution to one side of the cover glass and sucking the solu-
tion from the opposite side using a piece of filter paper (Fig. 1A). We
used α-MEM as flow solutions. The experiments were conducted
under identical conditions; the amount of the solution, flow chamber,
and the size of filter paper were all the same in each experiment.
Fluorescent beads of 1.0 μm diameter (FluoSpheres (580/605),
Molecular Probes) were added into the flow solution for visualization
of the fluid flow. Movements of the beads were observed using a
FLUOVIEW FV500 confocal laser scanning microscopy (CLS) system
(Olympus, Tokyo, Japan).

2.3. Tracer labeling

Ferritin was used as a tracer material during the experiments. The
chick calvariae were subjected to fluid flow stress with the vehicle
(α-MEM) and ferritin tracer, and then fixed in 100% alcohol for 4 h. Vi-
sualization of the ferritin tracer was achieved by staining the end prod-
ucts with Perl's Prussian blue reagent, a freshly made 1:1 mixture of 4%
potassium ferrocyanide and 4% hydrochloric acid (SIGMA, St. Louis,MO,
USA). Calcified cross-sections (15 μm) were then cut from the blocks
using a cryostat (Microm HM 500; Microm, Heidelberg, Germany) and
mounted on glass slides.

2.4. Real-time reverse transcription-polymerase chain reaction (RT-PCR)

After the induction of fluid flow in the capillary suction apparatus,
total RNA was isolated from the bone fragments using Isogen (Nippon
Gene, Tokyo, Japan) and reverse-transcribed with the ReverTra Ace
qPCR RT Kit (Toyobo, Osaka, Japan) to examine c-fos expression. The
resulting cDNAproductswere subjected to a PCR analysis. PCR amplifica-
tion was performed using gene-specific primers and the THUNDERBIRD
SYBR qPCR Mix (Toyobo). The relative levels of the PCR products were
evaluated using the LightCycler System (Roche Diagnostics, Mannheim,
Germany). The gene-specific primers used for c-fos and the control
18S ribosome sequence were as follows: c-fos (accession no.
M37000.1, 54 bp): sense: 5′-GAGGAGGAGAAGTCCGCTCT-3′; antisense:
5′-CTTCTCCTTCAGCAGGTTGG-3′. 18S ribosomal RNA (accession no.
M59389.1, 249 bp): sense: 5′-GTTCCGACCATAAACGATGC-3′; antisense:
5′-GGAATCGAGAAAGAGCTCTCAA-3′.

2.5. Identification of bone cells

Bone cells in chick calvaria were examined three dimensionally as
reported previously [40], the cells in the outer most layer were identi-
fied as osteoblasts, and the cells in the depth as osteocytes. We further
examined and verified the osteoblasts on the bone surfacewith an alka-
line phosphatase substrate, ELF-97 (enzyme-labeled fluorescence-97:
Molecular Probes Inc., Eugene, OR) as described previously [13]. The ex-
plants were washed several times with PBS, and fixed with 3% parafor-
maldehyde in PBS for 10 min at room temperature. The samples were
processed with an ELF-97 kit according to the product protocol. The
identification of osteocytes in this experiment has been described in
our previous publication [22].

2.6. Confocal laser scanning imaging and differential interference imaging

The osteoblasts and osteocytes in the chick calvariaewere visualized
with a CLS equipped for differential interference contrast (DIC) micros-
copy. The CLSmicroscopy systemwas coupled to an uprightmicroscope
(IX-71; Olympus) with a ×60 (NA=1.4) oil-immersion objective lens.

2.7. Fluorescence recovery after photobleaching (FRAP) analysis

The fluid flow-induced solute transport through the bone lacunar–
canalicular system was monitored using a quantitative Fluorescence
Recovery After Photobleaching (FRAP) analysis [41]. Fluorescein
isothiocyanate (FITC; SIGMA) was used to visualize the bone interstitial
fluid space [42]. The FRAP analysis of the fluorescently-labeled lacunar–
canalicular networkwas performed as described previously,withminor
modifications [32]. In brief, bone fragments were maintained in FITC
containing α-MEM at 37 °C. After recording a prebleaching image, the
samples were bleached by zooming in and scanning them at maximum
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laser power for 1 s. Subsequently, images were captured at the same
power as was used for the pre-bleaching image. We performed the ex-
perimentwithin 30 min of dye loading. The FRAP datawere normalized
and calculated as described previously [32].
2.8. Evaluation of the viability of bone cells in intact bone explants

We used Calcein acetoxymethyl ester (Calcein-AM; Molecular
Probes) to verify the cell viability and propidium iodide (PI; Molecular
Probes) to detect cell death. Calcein-AM is a membrane-permeable dye
that cleaved by esterases to calcein within living cells, making it a vital-
ity marker. PI is membrane impermeable, and is excluded from live
cells, making it a marker for dead cells. Calvarial bone explants were
loaded with 5.0 μM Calcein-AM, 5 mg/ml PI, and 1.0 μg/ml Hoechst
33342 (Sigma) in α-MEM for 15 min at room temperature, then
washed in α-MEM to remove excess dye. The explants were subse-
quently incubated for 45 min in α-MEM with 2% FBS at 37 °C. All via-
bility experiments were performed 3 h after removal of the
periosteum.
2.9. Calcium dye loading and imaging

The technique used to evaluate the changes in the [Ca2+]i in intact
bone explants has been described previously [22]. In brief, calvarial
bone explants were incubated for 20 min at room temperature in
α-MEM containing 10 μM fluo-8AM (ABD Bioquest, Inc., Sunnyvale,
CAUSA) and 10% Pluronic F-127 (ABD Bioquest, Inc.). After an addition-
al 40 min static incubation in medium at 37 °C with humidified 5% CO2

without dye, the bone explants were rinsed with flow medium, and
coverslips were affixed to the flow chamber and mounted onto the
CLS system. The scanning rate was 1.12 s/scan for 8-bit images of
512×512 pixels in size. The PMT, gain, and offset settings were the
same in all experiments. Time-lapsed images were taken every 3 s,
starting 15 s prior to the application of the fluid flow stress, in order
to obtain the baseline intensity, until 5 min after the start of fluid
flow. Fluorescence images were obtained using a krypton/argon laser
at 488 nm and the light was emitted at 495 nm. The [Ca2+]i was mea-
sured as the mean fluo-8 fluorescence intensity using an excitation
wavelength of 488 nm. Meanwhile, we also recorded Ca2+ reactions
for 30 min with a longer scanning interval (180 scans at 10-second in-
tervals) to avoid any problems induced by fluorescent degradation. We
used 10 μM Fura Red AM (Invitrogen), a visible light–excitable fura-2
analog, as a ratiometric Ca2+ imaging dye to avoid time-dependent
loss of signal, as we described previously [43]. Wemeasured the cell re-
sponse of all cells in the field of view to eliminate observer bias. The
fluorescence intensity of each cell just before flow treatment was used
as the baseline value, and the relative increase in [Ca2+]i was assessed.
We defined a cell that displayed a transient increase in its [Ca2+]i of at
least 50% of its baseline value as a responsive cell, according to the
method reported in our previous studies [13,22]. All of the responsive
Fig. 1. A schematic drawing of the experimental setup and the localization of flow-induced mechan
mechanical stress setup used for automated time-lapse imaging. (B) The ferritin distribution in
system. The arrows show the ferritin distribution. (C) Chick embryonic calvariae do not gener
flow during the experiments. Fluorescent beads were added to visualize the fluid flow in this e
expression in calvarial bone cells. Chick calvarial bone cells were subjected to flow-inducedme
an internal standard. Control (CONT) indicates untreated cells. The expression level of c-fo
flow-induced mechanical stress (E) or the concentration and duration of A23187 treatment (F
significant differences (** pb0.01; ***pb0.0001). (G–H)Optically sliced images offluorescently
facilitates the fluorescent tagging of cells with alkaline phosphatase activity. Images of the ost
images of FITC-labeled living osteocytes, and a DIC image of lacunae in chick calvarial b
(J) Time-lapse confocal images of photobleached osteocyte processes in a representative FRA
and at 30-sec intervals duringfluorescence recovery. (K) The recovery of thefluorescence inten
as themeans±SE. (L) Fluorescent staining images obtained to assess the osteoblast viability w
chick calvaria. (center) A fluorescent image of living osteoblasts labeled with propidium iodid
Hoechst 33342, calcein-AM, and PI. Bar=20 μm.
cells were analyzed for their peak fluorescence intensity and the cell re-
sponse frequency.

2.10. Drug treatment

To evaluate the involvement of gap junctions in the responses of os-
teoblasts and osteocytes to fluid flow-induced mechanical stress, we
pretreated the cells with 18 alpha-glycyrrhetinic acid (18 α-GA;
Sigma), a reversible inhibitor of connexin43-mediated GJIC [44] and
hemichannel. GdCl3 (Sigma) was also used to inhibit the stretch-
activated channels [45]. These drugs were dissolved in dimethyl
sulfoxide (DMSO; Sigma) before being diluted in α-MEM and applied
to the cells. The samples were then incubated with the drug at 37 °C
under 5%CO2 for 60 minbefore the experiments. The drugswere present
in the medium throughout the experiment. Lastly, Ca2+-free HBSS
(Invitrogen) was used to replace the regular medium immediately be-
fore flow tests were performed to determine the role of extracellular
Ca2+ [16,46]. The role of Ca2+ in the bone tissue was investigated
using the Ca2+ transporting ionophore, A23187 (Sigma).

2.11. Data analysis

To compare the flow-induced changes in [Ca2+]i signaling and the
results of the FRAP analysis, the unpaired t-test or Turkey–Kramer
test were used. P valuesb0.05 were considered to be significant. Sig-
nificance values were calculated using a statistical analysis software
program (StatView, SPSS, Chicago, IL, USA).

3. Results

3.1. Assessment of fluid flow-induced mechanical stress under our
experimental conditions

We developed a fluid flow platform to measure the time course of
the [Ca2+]i changes that occurred in living bone explants in response
to mechanical stress (Fig. 1A). Tracer labeling was performed to con-
firm that the mechanical stress was being applied correctly to the
bone tissue. Bone fragments were subjected to fluid flow stress
using medium containing ferritin particles. After exposure to fluid
flow stress, Prussian blue staining was performed to examine the dis-
tribution of the fluid. Ferritin accumulation was observed within the
Prussian blue stained areas of the bone surface layer (Fig. 1B). How-
ever, no ferritin staining was observed in the negative control
(Fig. 1C). These results implied that the bone surface layer had been
subjected to flow-induced mechanical stress.

We added small fluorescent beads to the flow solution medium to
visualize the fluid flow in order to assess the continuous fluid flow dur-
ing the experiment, and quantified the beadmovements induced by the
capillary suction. Quantification was performed by plotting all the visi-
ble beads to follow theirmovements during the observation period. The
beads were exposed to the fluid flow stress, and almost all the observed
ical stress in this experimental system. (A) A schematic representation of the flow-induced
a chick calvarial bone explant subjected to capillary fluid flow stress in this experimental

ally show ferritin accumulation after Prussian blue staining. (D) Measurement of the fluid
xperimental system. (E–F) The results of the quantitative RT-PCR analysis of c-fos mRNA
chanical stress (E) or were pretreatedwith the Ca2+ ionophore, A23187 (F). 18S served as
s mRNA is represented on the Y-axis. The X-axis indicates the presence or absence of
). The data are expressed as the means±SE of six separate samples. The asterisks indicate
labeled andDIC images of osteoblasts (G) and osteocytes (H) in chick calvarial bone. ELF-97
eocytes were taken at 15 μm below the osteoblast layer. Bar=20 μm. (I) Optically sliced
one. These images were taken from 15 μm below the osteoblast layer. Bar=10 μm.
P experiment. Serial images were taken before bleaching, immediately after bleaching,
sity. Unbleached cells were alsomonitored to use as reference cells. The data are expressed
ithin chick calvariae. (left) A fluorescent image of living osteoblasts labeled with calcein in
e (PI) in chick calvaria. (right) A merged image of the fluorescent images obtained using
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beads showed unidirectional movements along with the flow through-
out the observation period in this experimental system. The control
group beads did not move a marked distance in comparison to those
in the fluid flow group, and the direction of the movement, if it was
detected, was random. The velocity of the fluorescent beads in the
fluid flow group was significantly higher in comparison to those in the
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control group until 140 s (Fig. 1D; *pb0.05, **pb0.01). The fluid flow
group showed higher velocity than the control group throughout the
experiment even after 140 s (pb0.20 even at the least variation be-
tween two groups).

3.2. Mechano-and Ca2+-induced c-fos mRNA upregulation in bone cells

Wealso examinedwhether themechanical stress is converted into a
biochemical response in this experimental system. The expression of
the primary response gene, c-fos, was investigated in calvarial bone ex-
plants by real-time PCR. Exposure of the cells to flow-induced mechan-
ical stress led to a rapid transient increase in c-fos mRNA production
(Fig. 1E). The Ca2+-induced expression of c-fos was also investigated.
A23187 is an antibiotic ionophore that transports Ca2+ across cell
membranes into the cytoplasm, and releases cations from intracellular
storage sites. The Ca2+ ionophore dose- and time-dependently activat-
ed c-fos mRNA expression in the chick calvarial bone cells (Fig. 1F).
These results suggested that the increases in the [Ca2+]i were coupled
with increases in the c-fos expression. Additional recordings of
A23187 on the time-course of [Ca2+]i level for 30 min were examined
with a longer scanning interval. The results showed continuous
[Ca2+]i oscillation which was efficiently induced by A23187 (Supple-
mental Fig. 1). These [Ca2+]i responses can be seen in the Supplementary
Video 1.

3.3. Osteoblasts cell phenotyping in chick calvaria

The osteoblasts were identified by the detection of alkaline phos-
phatase activity, which is normally shown in osteoblasts but not in os-
teocytes, with ELF-97. The cells on the mineral-facing surface of
calvaria expressed the reaction to this marker, indicating the presence
of alkaline phosphate activity (Fig. 1G), whereas the activity was not
detected with the cells 15 μm below the mineral-facing surface
(Fig. 1H). We could sort the cells in the chick calvaria into two different
populations using both DIC imaging and fluorescent imaging.

3.4. The fluid flow platform did not significantly affect the solute transport
through the bone lacunar–canalicular porous areas surrounding osteocytes

In addition,we also examined the effects ofmechanical stress on the
deep bone layers. Several studies have suggested that the fluid flow in
areas of lacunar–canalicular porosity surrounding osteocytes may be a
mechanical trigger of the response to mechanical stress [47,48]. There-
fore, we employed a FRAP analysis to examine the flow-induced solute
transport through the bone lacunar–canalicular porous areas surround-
ing osteocytes. The calvarial bone lacunar–canalicular porous areas sur-
rounding living osteocyteswere stainedwith FITC. The staining showed
osteocyte cell bodies and their processes (Fig. 1I). This technique can be
used to analyze fluid flow-induced solute transport into the interstitial
fluid space. In the FRAP analysis, slow recovery of fluorescence was ob-
served due to the bidirectional transport into the photobleached cana-
licular tissue within 90 s of photobleaching (Fig. 1J). In the control
group, the fluorescence intensity recovered to 28.4±4.6% of the
prebleaching level (n=8).

Next, the intact bone explants were subjected to the same level of
flow-inducedmechanical stress just before the FRAP analysis. Although
a higher initial fluorescence recovery rate was observed up to 30 s after
photobleaching compared to the controls, the difference was not signif-
icant (n=9). The recovery of fluorescence during fluid flow had
reached 29.4±7.6% after 90 s (Fig. 1K). Unbleached cells were also
monitored as reference cells for photobleaching correction. The fluores-
cence intensity of the unbleached canalicular tissue was 94.1±3.6%
after 90 s (n=15). These results indicated that mechanical stress did
not affect the fluid flow in porous lacunar–canalicular tissue in this ex-
perimental model. From the histochemical staining and FRAP analysis,
we confirmed that under our experimental conditions, flow-induced
mechanical stress was not delivered to the osteocyte layer, but to oste-
oblasts residing at the bone surface.

3.5. Removal of the periosteum did not affect bone cell viability

Calvarial bone explants were loaded with the following dyes:
Calcein-AM, which labels the cytoplasm of live cells; PI, which only la-
bels the damaged cellularmembranes, andHoechst 33342,which labels
nuclei. The staining pattern of individual osteoblasts and osteocyteswill
be described for each group below. This fluorometric assay was used in
osteoblasts to evaluate whether the osteoblast layer is damaged by the
removal of the periosteum. Confocal imaging clearly displayed intense
green fluorescence in osteoblasts from chick calvarial explants. In con-
trast, red fluorescence from PI was virtually absent (Fig. 1L), indicating
that the removal of the periosteum and subsequent experiments on in-
tact bone explants did not damage the osteoblast layer.

3.6. Mechanical stress-induced [Ca2+]i signaling in osteoblasts in situ

To monitor the dynamics of [Ca2+]i signaling, bone cells in chick
calvariae were fluorescently labeled with fluo-8AM. Fig. 2A shows a
single fluo-8-loaded optical slice of the mineral-facing surface and oste-
oblast layer in a living bone explant. To determine the effects ofmechan-
ical stress on the [Ca2+]i responses, fluid flow stress was applied to the
bone explants. In most cases, the area of interest in the focal plane did
not move, and images were acquired without motion artifacts. Before
the initiation of flow-induced mechanical stress, we obtained five se-
quential X-Y images of osteoblasts present at the bone surface at
3-second intervals to provide baseline data (Fig. 2A). Fig. 2B shows the
fluorescence profiles of the [Ca2+]i responses observed in representative
osteoblasts. Individual osteoblasts in the bone explants showed different
patterns of [Ca2+]i increases during the fluid-flow period. Upon the ini-
tiation of flow-induced stimulation, individual cells responded with a
sudden rise in the [Ca2+]i, whichwas followed by intermittent increases
in the [Ca2+]i (Fig. 2B). The increased involved a rapid elevation of the
[Ca2+]i, followed by a subsequent decline to the baseline level. Individual
osteoblasts displayed oscillatory [Ca2+]i increases after flow-induced
mechanical stress (Fig. 2C, Video 2). The present results indicate that
the [Ca2+]i responses of the osteoblasts in the bone explants were in-
creased by flow-induced mechanical stress.

3.7. Mechanical stress-induced [Ca2+]i signaling in osteocytes in situ

We next changed the focal plane to obtain 2-D confocal images of
the osteocytes. Fig. 3 shows confocal images of the osteocytes in intact
calvarial explants. The fluorescently-labeled osteocytes could be ob-
served 15 μm below the mineral-facing surface of the osteoblast layer
(Fig. 3A). The cell bodies and their dendritic processes were fully
stained. The changes in fluorescence intensity shown in Fig. 3B demon-
strate the [Ca2+]i oscillation in two of the representative osteocytes
shown in Fig. 3A under flow-induced mechanical stress (Fig. 3B). After
the initiation of flow-induced mechanical stress, individual osteocytes
responded with a transient but significant increase in the [Ca2+]i,
which was followed by further intermittent increases (arrowheads in
Fig. 3C). The time courses of the [Ca2+]i changes in the cells revealed
that the transient increase occurred after the flow-induced mechanical
stress (Figs. 3B and 3C, Video 3).

3.8. Spatio-temporal behavior of [Ca2+]i responses in osteoblasts and
osteocytes

Our previous in vitro study showed that the application of fluid flow
stimulation induces changes in the [Ca2+]i responses in both osteoblasts
and osteocytes [13]. To clarify the effects of flow-induced mechanical
stress in this ex vivo live Ca2+ imaging system, we examined the spatio-
temporal patterns of the [Ca2+]i response, including the percentage



Fig. 2. Time-lapse images of the [Ca2+]i response to flow-induced mechanical stress in osteoblasts in intact calvarial explants. (A) Fluorescent and pseudo-color images of living osteo-
blasts in intact calvarial explants. The color scale represents the relative fluorescence intensity. Bar=30 μm. (B) Representative normalized relative fluorescence intensity plots of
individual osteoblasts during the application of fluid flow-induced mechanical stress in intact calvarial explants. The numbers assigned to each cell indicate the cells represented in
Fig. 2A, with lines of the same colors. The relative increase in fluorescence was determined by defining the mean pixel intensity observed before the flow onset as 1. The arrow
indicates the initiation of flow-induced mechanical stress. Each line represents the time course of the individual [Ca2+]i response of the osteoblast shown in the corresponding fig-
ure in panel A. (C) Serial pseudo-color images of the osteoblasts shown in A at 15, 21, 45, 69, 105, 129, 168, and 267 s after the initiation of monitoring. These sequential X-Y images
were selected from 100 consecutive frames. Bar=30 μm. A movie of the serial pseudo-color images can also be seen in the supplementary data (See Video 2).
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of responsive cells, the peak relative fluorescence intensity, and the
cell response frequency in individual osteoblasts and osteocytes
(Fig. 4A). In the control group, the percentages of responsive osteoblasts
and osteocytes were 14.5±4.3% (n=409 osteoblasts from 12 experi-
ments) and 6.6±1.5% (n=403 osteocytes from 10 experiments),
respectively (Fig. 4B). After the application of flow-induced mechanical
stress, the percentage of responsive cells was significantly increased
(46.0±6.5% in osteoblasts; 16.4±1.8% in osteocytes) compared to the
control group in both osteoblasts (Pb0.01) and osteocytes (Pb0.01)
(Fig. 4B).

All of the responsive cells were analyzed with regard to their peak
relative fluorescence intensity and cell response frequencies. There
were no significant differences between the groups in terms of the
peak relative fluorescence intensity. The mean peak relative fluores-
cence intensity in osteoblasts with fluid flow was 2.00±0.04 (n=215
osteoblasts from 12 experiments), whichwas not significantly different
from that in the control group (1.84±0.05; n=53 osteoblasts from 12
experiments; Fig. 4C). Similarly, themean peak relative fluorescence in-
tensity in osteocytes with fluid flowwas 1.85±0.05 (n=36 osteocytes
from 10 experiments), which was not significantly different from that
in the control group (1.81±0.07; n=25 osteocytes from 10 experi-
ments; Fig. 4C). The mean cell response frequency in osteoblasts with
fluid flow was 0.32±0.01/min (n=215 osteoblasts from 12 experi-
ments), which was significantly increased from that in the control
group (0.27±0.02 sec) (pb0.05, n=53 osteoblasts from 12 experi-
ments; Fig. 4D). Meanwhile, the mean cell response frequency in
osteocytes with fluid flow was 0.32±0.03/min (n=36 osteocytes
from 10 experiments), which was not significantly different from
that in the control group (0.32±0.04/min; n=25 osteocytes from 10
experiments).

image of Fig.�2


Fig. 3. Time-lapse images of the [Ca2+]i response to flow-induced mechanical stress in osteocytes in intact calvarial explants. (A) Fluorescent and pseudo-color images of living osteo-
cytes in intact calvarial explants. The color scale represents the relative fluorescence intensity. Bar=10 μm. (B) Representative normalized relative fluorescence intensity plots of
individual osteocytes during the application of fluid flow-induced mechanical stress in intact calvarial explants. The arrow indicates the initiation of flow-induced mechanical stress.
Each line represents the time course of the individual [Ca2+]i response shown by the corresponding figure in panel A. (C) Serial pseudo-color images of the osteocytes monitored in
A at 0, 15, 60, 126, 175, 216, 255, and 270 s after the initiation of monitoring. The arrowheads indicate the [Ca2+]i response. Bar=10 μm. A movie of the serial pseudo-color images
can also be seen in the supplementary data (See Video 3).
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3.9. Blockade of gap junctions inhibits the flow-induced [Ca2+]i responses
in osteocytes, but this effect is minimal in osteoblasts

Osteoblasts andosteocytes forman integrated cell network, and com-
municate with each other via a direct cell-to-cell pathway, which is
thought to be mediated by gap junctions [17,23,24,27,31,32,34,36]. We
applied a gap junction inhibitor as a first step to examine whether the
cellular networks contribute to maintaining these [Ca2+]i responses in
osteoblasts and osteocytes. Treatment with 18α-GA, a Cx43-mediated
gap junction and hemichannel inhibitor, reduced the percentage of re-
sponsive osteocytes in both the control group and in the fluid flow
group by 1.9±0.9% (pb0.01) (n=430 osteocytes from 10 experiments)
and 1.7±0.9% (pb0.0001, n=418 osteocytes from 9 experiments), re-
spectively (Fig. 4B). This inhibitor also caused a reduction in the mean
cell response frequency of the osteocytes in the fluid flow group by
0.23±0.03/min (pb0.05, n=6 osteocytes from 9 experiments).

In contrast, the percentage of responsive osteoblasts was not signif-
icantly reduced by the 18α-GA treatment in either the control group or
thefluidflowgroup (by 14.5±3.7%; n=402osteoblasts from10exper-
iments, and 32.2±5.4%; n=278 osteoblasts from 8 experiments)
(Fig. 4B). The peak relative fluorescence intensity of the control groups
treated with 18α-GA was 1.96±0.09 in osteoblasts (n=45 osteoblasts
from 10 experiments) and 1.68±0.05 in osteocytes (n=13 osteocytes
from 10 experiments). The peak relative fluorescence intensity was not
affected by the 18α-GA treatment, regardless of flow-inducedmechan-
ical stress, because after treatment the values were 2.04±0.07 in oste-
oblasts (n=80 osteoblasts from 8 experiments) and 1.83±0.18 in
osteocytes (n=6 osteocytes from 9 experiments) (Fig. 4C). Conversely,
themean cell response frequency in osteoblastswith fluid flowwas sig-
nificantly reduced by the 18α-GA treatment by 0.27±0.01/min
(pb0.05, n=80 osteoblasts from 8 experiments).

We next performed the same experiments using osteocytes treat-
ed with 18α-GA to determine if the inhibitory effect of 18α-GA on the
[Ca2+]i signaling in osteocytes was due to chemical toxicity-related
cell death. The osteocytes in calvarial explants, thus exhibiting similar
results to the osteoblasts, showed a bright green fluorescence with
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calcein-AM, and no red fluorescence with PI staining (Fig. 4E).
Nuclear staining with Hoechst 33342 was observed in both osteo-
blasts and osteocytes. These results suggest that the reduced propor-
tion of responsive osteocytes was not the result of cell death induced
by 18α-GA toxicity.
3.10. Blockade of the stretch-activated channels did not inhibit the flow-
induced [Ca2+]i responses in osteocytes, and this effect is minimal in
osteoblasts

The effects of mechanical stress on the [Ca2+]i responses were
assessed in the presence of Gd3+. A membrane impermeable gadolin-
ium chloride has been reported to block the stretch-activated chan-
nels. The percentage of responsive osteoblasts was not significantly
decreased by treatment with 100 μM Gd3+ in either the control
group or the fluid flow group. (17.6±4.1%; n=324 osteoblasts
from 7 experiments and 32.6±7.0%; n=324 osteoblasts from 7 ex-
periments, respectively), (Fig. 5A), and the decrease was fairly close
to the result in the 18α-GA group. The Gd3+ treatment group also
showed an increase in the peak relative fluorescence intensity and
the mean cell response frequency of the osteoblasts in the fluid flow
group by 2.11±0.05 (Fig. 5B) and 0.32±0.02/min (pb0.05, n=134
osteoblasts from 7 experiments), respectively (Fig. 5C). No decrease
in the percentage of responsive cells occurred in Gd3+ treated osteo-
cytes that were not close to 18α-GA treated osteocytes (Fig. 5A). The
peak relative fluorescence intensity and the mean cell response
frequency of the osteocytes were also not affected by the Gd3+

treatment, regardless of flow-induced mechanical stress (Figs. 5B
and 5C).

3.11. Role of extracellular Ca2+ concentration in the flow-induced
[Ca2+]i responses in osteoblasts and osteocytes

We performed additional experiments to assess the effect of extra-
cellular Ca2+ after the exposure to flow-induced mechanical stress.
Ca2+-free medium is observed to lower the percentage of responsive
osteoblasts and osteocytes significantly underflow-inducedmechanical
stress (26.0±6.4%; n=402 osteoblasts from 7 experiments and 7.4±
5.9%; n=216 osteocytes from 8 experiments, respectively). The addi-
tion of 18α-GA in Ca2+-free medium further reduced the percentage
of responsive osteoblasts and osteocytes (10.8±2.7%; n=323 osteo-
blasts from7 experiments and 2.8±1.8%; n=254osteocytes from8 ex-
periments, respectively), (Fig. 6A). The peak relative fluorescence
intensity was not affected by the Ca2+-free medium treatment, regard-
less of the presence of 18α-GA in both osteoblasts and osteocytes
(Fig. 6B). In contrast to the results for peak relative fluorescence inten-
sity, the application of Ca2+-free medium showed a tendency to reduce
the mean cell response frequency in flow-induced osteocytes (Fig. 6C).

4. Discussion

In this study, we introduced a novel approach to measure the
real-time [Ca2+]i dynamics in osteoblasts and osteocytes in intact
calvarial explants to study the behavior and connectivity of [Ca2+]i sig-
naling networks in the mechanotransduction within living bone tissue.
How bone cells sense mechanical stimuli is still largely unknown.
Nevertheless, these stimuli influence cell function through cell–cell
Fig. 4. The effect of a gap junction inhibitor on the fluid flow-induced [Ca2+]i signaling
observed in osteoblasts and osteocytes in intact calvarial explants. Bone fragments were in-
cubated inα-MEM (Control) or pretreated with 30 μM18α-GA for 60 min before the ex-
periments. (A) The typical [Ca2+]i profile of bone cells in intact calvarial explants during
the flow-induced mechanical stress. The [Ca2+]i responses were recorded for 315 s:
15 s for the baseline recording and 300 s after the application offlow-inducedmechanical
stress. The percentage of responsive cells (B), the peak relative fluorescence intensity in
the responsive cells (C), and the cell response frequency in the responsive cells (D) after
the application offlow-inducedmechanical stresswere calculated. The data are expressed
as the means±SE. The asterisks indicate a significant difference (*pb0.05; ** pb0.01;
***pb0.0001). (E) Images of fluorescent staining used to assess the osteocyte viability
within chick calvariae. (left) A fluorescent image of living osteocytes labeled with calcein
in chick calvaria. (center) A fluorescent image of living osteocytes labeled with propidium
iodide (PI) in chick calvaria. (right) A merged image of the fluorescent images obtained
using Hoechst 33342, calcein-AM, and PI. Bar=20 μm.
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Fig. 6. The effect of extracellular Ca2+ on the fluid flow-induced [Ca2+]i signaling observed
in osteoblasts and osteocytes in intact calvarial explants. Chick calvarial bone cells were
subjected to flow-induced mechanical stress with or without 30 μM 18α-GA. A
Ca2+-free solution was used to replace the regular medium immediately before the
fluid flow experiments. The percentage of responsive cells (A), the peak relative fluo-
rescence intensity in the responsive cells (B), and the cellular response frequency in
the responsive cells (C) after the application of flow-induced mechanical stress were
calculated. The data are expressed as the means±SE. The asterisks indicate a signifi-
cant difference (*pb0.05; ** pb0.01; ***pb0.0001).

Fig. 5. The effect of a Gd3+ on the fluid flow-induced [Ca2+]i signaling observed in osteo-
blasts and osteocytes in intact calvarial explants. Bone fragments were incubated in
α-MEM (Control) or pretreated with 100 μM Gd3+ for 60 min before the experiments.
The percentage of responsive cells (A), the peak relative fluorescence intensity in the
responsive cells (B), and the cell response frequency in the responsive cells (C) after
the application of flow-induced mechanical stress were calculated. The data are
expressed as the means±SE. The asterisks indicate significant difference (*pb0.05;
** pb0.01).
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communication, cell–cell adhesion, or cell–matrix interactions, and it is
becoming increasingly clear that mechanical stimuli collaborate with
biochemical cues to modulate cell and tissue behavior. Consequently,
it is desirable to use a model that closely mimics the bone microenvi-
ronment, and much better to use living bone for the analysis of cell
function.

The bone is a complex tissue composed of cells, collagenous matrix,
and mineral elements that provide essential functions, including me-
chanical support. Due to this complexmorphology of bone tissue, espe-
cially of osteocytes, which are embedded in the mineralized matrix,
performing multi-cellular [Ca2+]i recordings within bone tissue has
been difficult or impossible. Several past studies have reported the
observation of an intermittent increase in [Ca2+]i signaling in isolated/
cultured osteoblasts and osteocytes in response to external stimuli
[12–16,18,20,24]. However, the importance of this increase was unclear,
because isolated osteoblasts and osteocytes cultured on a two-
dimensional (2D) cell culture dish may not behave as the cells do in
the complex 3D structure and microenvironment of living bone. Our
novel platform is distinct from the conventional method in terms of
the estimation of the [Ca2+]i response at the tissue level, as well as at
the level of individual cells, and provides high temporal and spatial res-
olution. Thus, our real-time imaging analysis provides important infor-
mation regarding how osteoblasts and osteocytes convert mechanical
stimuli into an early biochemical response in amore integrated environ-
ment that helps identify the physiological impact of the response.

In the present study, we examined whether the fluid flow stress
was being correctly delivered to the bone surface using the fluid
flow marker, ferritin. Ferritin was detected at the outer bone surface,
but not inside the bone (Fig. 1B), indicating that the fluid flow stress
was being delivered specifically to the bone surface. The expression of
c-fos is rapidly and transiently induced by various mechanical stimuli
including fluid shear stress [19], which may promote bone cell
development [49,50]. The real-time PCR analysis demonstrated that
the fluid flow-induced mechanical stress in this experimental system
upregulated c-fos mRNA expression throughout the bone tissue
(Fig. 1E). In addition, the enhancement of c-fos expression by
mechanical stress was correlated with the [Ca2+]i increase (Fig. 1F).
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The Ca2+ ionophore, A23187, has been extensively used to mimic
the effects of many physiological cell stimuli related to Ca2+ [51], and
the addition of the Ca2+ ionophore induced the upregulation of c-fos
mRNA expression in the bone explants in this study (Fig. 1F). These re-
sults suggest that the upregulation of c-fos expression by flow-induced
mechanical stress was linked to the [Ca2+]i increases observed in this
experimental system. We recorded A23187-induced [Ca2+]i reactions
for 30 min to examine the reasons for the increase of [Ca2+]i level inde-
pendent of the Ca2+ equilibrium potential. We clearly observed many
cells repeatedly oscillating for relatively long periods of time in the
presence of A23187 (Supplemental Fig. 1). These findings suggest that
a higher concentration and longer A23187 treatment time further in-
crease the c-fos mRNA relative expression level, and this increase is
thought to be due to continuous Ca2+ oscillation induced by A23187.
Enhanced production of c-fos mRNA in the incubation with A23187
has also been mentioned in the past reports with other cell types
[52–54]. Schaefer and colleagues showed a rapid increase in c-fos
mRNAwithin 15 min, and the expression of c-fosmRNA reached amax-
imum in 30–60 min [54]. We think that these reports strongly support
our results in this experiment.

We then evaluated whether the fluid also entered the lacunar–
canalicular system of the bone using a FRAP analysis (Figs. 1I and 1K).
However, our FRAP analysis demonstrated that little or no liquid flow
in the lacunar–canalicular system was induced by the fluid flow applied
to the bone explants. The lacunar–canalicular system is essential because
it serves as a continuous transport pathway connecting osteocytes with
each other, as well as with osteoblasts andwith the blood flow.Mechan-
ical loading has been proposed to enhance solute transport in the
lacunar–canalicular system, presumably by increasing fluid displace-
ment [47,55–57]. It would be ideal to examine such solute transport
with a protocol involving matrix deformation. Confocal microscopy is
technically incapable ofmeasuring themagnitude of stimulation induced
by fluid shear stress in the lacuno-canalicular system, and this is an issue
in addition to the difficulty in observing the [Ca2+]i increase of bone cells
in situ caused by matrix deformation-induced displacement of the
targeted observation area. Although our experimental system does not
necessarily reflect physiological conditions, it provides a suitablemethod
for investigating how the stress-induced early cellular signals of osteo-
blasts located in the superficial layer of the bone are transmitted to oste-
ocytes embedded in the bone matrix.

Our time-course [Ca2+]imeasurement ofmultiple cells in situ allowed
us to evaluate the Ca2+ signaling using the following three parameters:
the percentage of responsive cells, the peak relative fluorescence
intensity, and the cell response frequency. Among these parameters, me-
chanical stress significantly increased the cell response rate bymore than
two-fold compared to the control value in both osteoblasts and osteo-
cytes (Fig. 4B). The cell response frequency was also upregulated in oste-
oblasts by almost 20% (Fig. 4D). Conversely, no such upregulation was
observed in the peak relative fluorescence intensity (Fig. 4C). These
data indicate that the [Ca2+]i responses are enhanced by mechanical
stimuli in osteoblasts, and that such biophysical signals from the osteo-
blast layer are transmitted to osteocytes embedded within the bone ma-
trix through the 3D osteoblasts–osteocytes network. In particular, the
percentage of responsive cells was notably increased compared with
the peak relative fluorescence intensity.

With regard to the differences between osteoblasts and osteocytes,
the percentage of responding osteoblasts was higher than that of oste-
ocytes in both the control and flow-induced mechanical stress groups
(Fig. 4B). These results were in line with our previous observations re-
garding single primary osteoblasts and osteocytes in a 2D cell culture
system [13]. In a recent study, Lu and colleagues demonstrated the
[Ca2+]i responses in micro-patterned in vitro osteocytic and osteoblas-
tic networks [16]. They showed that osteocytic networks are more re-
sponsive than osteoblastic networks under low magnitude fluid flow
stress, whichwas different fromour results. The reason(s) for the differ-
ences in the results are unclear, and continues to be a source of
controversy among researchers. We suggest that these discrepancies
in flow-induced [Ca2+]i signaling may be due to the differences be-
tween the in vitro and ex vivo culture systems and the absence/presence
of cell–matrix interactions, lacunar-canaliculi porosity, complex mor-
phological features, and the 3D microenvironment.

Some studies have examined the GJIC between bone cells and its
role in bone cell mechanotransduction [14,16,24,26–29,36]. To fur-
ther investigate the role of gap junctions in the activation of
flow-induced [Ca2+]i responses, the effect of 18α-GA on [Ca2+]i sig-
naling was also examined in the living bone explants. During our ex-
periments examining the spatio-temporal patterns of the [Ca2+]i
response, the gap junction inhibitor 18α-GA completely inhibited
the stress-induced upregulation of the percentage of responsive oste-
ocytes (Fig. 4B). It is interesting that no such downregulation was ev-
ident in osteoblasts. These results indicated that the involvement of
the GJIC and hemichannel in [Ca2+]i responses differs between oste-
oblasts and osteocytes. On the other hand, 18α-GA pretreatment sig-
nificantly decreased the cell response frequency in individual
osteoblasts and osteocytes under the fluid flow conditions (Fig. 4D).
It is thought that [Ca2+]i signaling through frequency modulation is
translated into distinct cellular responses [58]. A similar explanation
was also suggested for terminally differentiated human osteoblasts
[59]. Based on these results, it appears that biophysical stress may in-
fluence the cellular function in a manner that is dependent on the
connexin43-mediated GJIC and hemichannel.

We have tested the involvement of stretch-activated channels in
the flow-induced [Ca2+]i responses. The results showed that Gd3+,
like 18α-GA, did not show a significant difference from control,
though it decreased the osteoblastic [Ca2+]i response. In contrast,
Gd3+ did not significantly inhibit the osteocytic [Ca2+]i response
(Fig. 5). These data show that the stretch-activated membrane chan-
nel, blocked by Gd3+, is less affected in the flow-induced [Ca2+]i re-
sponse. This is in contrast to the data on the steady flow where the
[Ca2+]i responses were inhibited by blocking this channel in osteo-
blasts [19]. However, our findings also suggest that our non-steady
fluid flow platform induced mechanical stress in osteoblasts residing
on the bone's surface (Fig. 1D), but not in the osteocytes layer
(Fig. 1J). You et al. showed that Gd3+ did not influence the [Ca2+]i
responses to oscillatory fluid flow in MC3T3-E1 cells [60]. The dis-
crepancy in these observations led to the interpretation that this
fluid-flow platform does not have enough force to stimulate the
Gd3+-sensitive channel neither in osteoblasts nor in osteocytes.

We also confirmed the effects of Ca2+ from outside of the cell
(with/without 18α-GA) using Ca2+-free flow solution. With this ad-
ditional experiment, we observed the decrease in responsive rate
and response frequency both in osteoblasts and in osteocytes. This in-
dicates that Ca2+ from outside of the cell has a very important role in
the increase in [Ca2+]i by flow-induced mechanical stress. Further-
more, this effect was reinforced by the combined use of 18α-GA.
The opening of Cx43 hemichannels is infrequent in normal extracel-
lular Ca2+ [61], and is enhanced under the removal of extracellular
Ca2+ [62,63]. Although the investigation of the extracellular
Ca2+-free condition has been difficult due to the possible occurrence
of unfavorable and unexpected influence from the lack of extracellu-
lar Ca2+, it is speculated that the influence of extracellular Ca2+

might affect [Ca2+]i via hemichannel. Therefore, our results imply
that the change of this [Ca2+]i level is due to the movement of Ca2+

via gap junctions and via Cx43 hemichannels.
In summary, we studied the real-time fluorogenic monitoring of

the [Ca2+]i dynamics in osteoblasts and osteocytes within intact
calvarial explants. Our findings provide direct evidence that an
autonomous [Ca2+]i response is promoted by fluid-flow shear stress
applied on the bone surface via gap junction. The results of the pres-
ent study suggest that the cell–cell signaling caused by augmented
gap junction and hemichannel-mediated [Ca2+]i mobilization could
be involved as an early signaling event in mechanotransduction.
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Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bone.2012.12.002.
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