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Bone is able to adapt its composition and structure in order to suit its mechanical environment. Osteocytes,
bone cells embedded in the calcified matrix, are believed to be the mechanosensors and responsible for
orchestrating the bone remodeling process. Recent in vitro studies have shown that osteocytes are able to
sense and respond to substrate strain and fluid shear. However the capacity of osteocytes to sense cyclic
hydraulic pressure (CHP) associated with physiological mechanical loading is not well understood. In this
study, we subjected osteocyte-like MLO-Y4 cells to controlled CHP of 68 kPa at 0.5 Hz, and investigated the
effects of CHP on intracellular calcium concentration, cytoskeleton organization, mRNA expression of genes
related to bone remodeling, and osteocyte apoptosis. We found that osteocytes were able to sense CHP and
respond by increased intracellular calcium concentration, altered microtubule organization, a time-
dependent increase in COX-2 mRNA level and RANKL/OPG mRNA ratio, and decreased apoptosis. These
findings support the hypothesis that loading induced cyclic hydraulic pressure in bone serves as a
mechanical stimulus to osteocytes and may play a role in regulating bone remodeling in vivo.
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Introduction

Bone is a living organ that is able to adapt its composition and
structure in response to mechanical stimuli [1,2]. It was believed that
mechanical forces stimulate bone cells to maintain tissue homeostasis
in bone. Mechanical loading induces a variety of physical signals that
may stimulate cells, including tissue strain, fluid shear, and fluid pore
pressure. Both strain and fluid shear have been extensively studied
and shown to significantly affect bone cells in vitro [3–8]. There are a
few studies that have investigated the effects of fluid pressure in vivo
and in vitro [9–13], suggesting that fluid pressure is a potent stimulus
to the bone. Macroscopically, venous stasis or applied pressurization
by external loading was associated with increased bone formation
[14,15]. At the tissue level, fluid pressure causes increased calcifica-
tion [16], and inhibition of resorption [17]. Therefore it has been
suggested that bone remodeling depends on changes in interstitial
fluid pressure [12,18–21]. However, the cellular mechanism of bone's
response to fluid pressure is poorly understood.

In this study, we investigated the osteocyte response to pressure
using an in vitro approach. It has been proposed that osteocytes are the
cells that detectmechanical loading in bone [22]. Osteocytes account for
90–95% of bone cells. They are embedded in the mineralized bone
matrix, forming an interconnected network [23]. Due to their unique
location and abundance, osteocytes are believed to be responsible for
sensing mechanical loading and orchestrating the bone remodeling
process.

The fluid pressure experienced by osteocytes in vivo is cyclic in
nature, the magnitude of which was calculated to be up to 0.27 MPa
[24]. Recent studies found that the hydraulic permeability of the bone
tissue was smaller than the previous model assumed, leading to an
even higher estimation of the hydraulic pressure buildup (∼5 MPa)
around osteocytes [25–27]. In this study, we subjectedMLO-Y4 cells, a
well-established osteocyte-like cell line, to a cyclic hydraulic pressure
(CHP) with a peak value of 68 kPa and 2 s per cycle. This loading
regimen was chosen to be consistent with previous studies [21] and
also due to the limit of our loading system (leakagewould occur under
higher pressures).

Selective responses of osteocytes to CHP were studied, including
intracellular Ca2+ concentration ([Ca2+]i), cytoskeleton organization,
mRNA expressions of cyclooxygenase-2 (COX-2), receptor activator of
nuclear factor kappa B (NF-κB) ligand (RANKL), and osteoprotegerin
(OPG), and apoptosis. Previous studies have found that other types of
mechanical stimuli such as fluid shear stress have altered these
outcome measures in bone cells. Intracellular calcium is an early
second messenger that plays key roles in a number of metabolic
pathways [28]. Changes in [Ca2+]i usually increases within seconds of
mechanical stimulation on bone cells [29]. In osteocytes, cell body
deformation through mechanical loading induced calcium response
[30]. In this study, [Ca2+]i was measured and used as a indicator of
responsiveness when osteocytes were subjected to CHP.
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Another early-intermediate event in cellular response to mechan-
ical loading is the changes in cytoskeleton organization. Following
mechanical stimulations, cells typically show changes in cytoskeleton
organization in 15 min [31]; both actin filament [31], andmicrotubule
[32] have been shown to be integral in mechanotransduction.

Downstream gene and protein expressions are altered hours after
mechanical stimulations [21]. Fluid flow applied to MLO-Y4 cells
upregulated COX-2, the gene that encodes cyclooxygenase-2, a key
enzyme in the production of Prostaglandin E2 (PGE2) [8]. Substrate
stretching also upregulated COX-2 [33]. The signaling molecule PGE2
is implicated in both modeling and remodeling of bone [34]. In
addition, two key molecules have been found to mediate osteoclast
activity during bone resorption: RANKL and OPG. The rate of bone
resorption is dependent on the RANKL/OPG ratio [35].

Furthermore, osteocyte apoptosis is a vital regulator of bone
remodeling and a critical determinant of bone strength. Osteocyte
apoptosis has been suggested to signal osteoclast recruitment [36,37].
Lack of mechanical loading has been shown to be themajor factor that
causes osteocyte apoptosis in vivo [38]. However the influence of fluid
pressure on osteocyte apoptosis has not been well studied in vitro.

The aim of this study was to investigate the effects of CHP on
osteocytes. We hypothesized that CHP is an important stimulus to
osteocytes and would induce significant changes in calcium mobili-
zation, cytoskeleton morphology, gene expression levels for COX-2,
RANKL, and OPG, and osteocyte apoptosis. The results from this study
bridged a gap in the knowledge of bone remodeling due tomechanical
loading. From this knowledge, new pharmaceutical agents and
exercise regimens could be developed for more effective treatments
of bone diseases such as osteoporosis, enhancing general bone health.

Materials and methods

Cell culture

MLO-Y4 osteocyte-like cells (gift from Dr. Lynda Bonewald,
University ofMissouri-Kansas City, Kansas City,MO, USA)were cultured
in α-Modified Eagle's Medium (α-MEM, GIBCO™) supplemented with
2.5% fetal bovine serum (FBS, Hyclone), 2.5% calf serum (CS, Hyclone),
and 1% penicillin and streptomycin (P/S, GIBCO™) on 100 mm petri
dishes coatedwith type I rat tail collagen(BDLaboratory). The cellswere
maintained at 37 °C and 5% CO2 in a humidified incubator (Thermo
Scientific). Cell subculture was performed when the cells reached 70%
confluence. With the exception of calcium experiments, cells were
seeded on type I rat tail coated glass slides (75 mm×38mm×1 mm)
48 h prior to CHP loading at 150,000 cells per slide to ensure 70–80%
confluence at the time of experiment. For the apoptosis experiment, the
cells were serum starved 24 h prior to CHP loading with α-MEM
containing 0.02% FBS, 0.02% CS, and 1% P/S. For calcium experiment,
MLO-Y4 cells were seeded onto non-coated glass slides (75 mm×
38mm×1 mm) using the same culturing protocols.

Cyclic hydraulic pressure loading in vitro

MLO-Y4 cells were seeded onto collagen-coated glass slides, which
wereplaced in thepressure chambers andpressure gauges (Omega Inc.)
were attached to monitor the pressure inside of the chamber, as
described previously [21]. Fresh culture media was used in the
experiments for cytoskeleton staining, PGE2 assay, and quantitative
RT-PCR assays. A syringe (KD Scientific), driven by a syringe pump
(Cole-Parmer), applies the hydraulic pressure loading directly to the
medium filled in the pressure chamber. The cells were subjected to
cyclic hydraulic pressure with 0.5 Hz triangular waveform which has
peak pressure of 68 kPa for 1 or 2 h. The loading regime used in this
study was within the range of pressures used in other studies
[15,21,24,39–43]. Due to the relative incompressibility of the aqueous
medium, a very small volume change (b0.5 mL) was used to induce the
desired pressure. This small volume was found to result in a negligible
shear stress. The peak shear stress was estimated to be 4.9×10−3 Pa,
using equation τ=6µQ/(bh2), where τ is the shear stress; µ is the
viscosity of the medium, which is approximated to be that of the water
at room temperature (1×10−3 Pa s);Q is the flow rate, which is 0.5 ml/
s as a result of the syringe displacement; b is the flow channel width,
which is 38 mm; h is the flow channel height, which is 4 mm. The
calculated maximum shear stress level experienced by the cells was at
least 2 orders of magnitude lower than those that are known to excite
bone cells in vitro [44]. Therefore, the responses observed in the present
study were attributed to the hydraulic pressure.

As control, collagen-coated glass slides seeded with MLO-Y4 cells
were placed in pressure chambers but without application of CHP. The
pressure experiments were performed at room temperature.

Real-time intracellular calcium measurement

Intracellular calcium ion concentration was quantified as previously
described [45]. Briefly, prior to exposure to CHP,MLO-Y4 cells on quartz
slideswere incubatedwith 10 μMFura-2AM (Molecular Probes, Eugene
OR) for 30 min at 31 °C (to reduce dye compartmentalization), then
washed with fresh working medium (α-MEM without phenol-red
(GIBCO™) supplemented with 1% FBS and 1% CS). The slides were
placed into a custom-madepressure chamber (Fig. 1), andfixed to a pre-
heated stage (31 °C) on an inverted microscope (Eclipse Ti-S, Nikon,
Japan) with a calcium imaging system (PTI EasyRatioPro system, USA).
For 30 min, the cells were left undisturbed. Fresh workingmediumwas
usedduring the pressure experiment. During the applicationof pressure
loading, Fura-2 340 nm/380 nm ratio values were converted to [Ca2+]i
values using image analysis software (EasyRatio, PTI). Baseline [Ca2+]i
level was recorded for 3 min, followed by application of CHP for 3 min.
Images were recorded at a rate of one every 160 ms (n=30). Temporal
profiles were determined for approximately 30 cells per field of view.
Each cell was classified as responding or not responding: a responding
cell was defined as having transient increases in the [Ca2+]i of at least
two-fold increase in the Fura-2 340 nm/380 nm ratio over the
maximum oscillation recorded during the 3 min baseline period.

Cytoskeleton immunostaining and quantification

MLO-Y4 cells were exposed to CHP loading or non-loading (static
control) for 1 h, and then their actin filament andmicrotubules staining
were performed as previously described [21] (n=8). To stain the actin
filaments, the cells were fixed with 3.7% Formaldehyde in PBS for
10 min, then permeabilized with 0.1% Triton X-100 in PBS for 5 min.
The cells were stained with Alexa Fluor 488 phalloidin (Molecular
Probes A-12379). To stain the microtubules, the cells were fixed with
0.25% glutaraldehyde and permeabilized with 0.1% Triton X-100 in
PHEM buffer (25 mM HEPES, 60 mM PIPES, 10 mM EGTA, 2 mM MgCl,
pH 6.9, warmed to 37 °C) for 30 min. Following fixation, cells were
quenched in 2 μg/ml of sodium borohydride for 15 min. The fixed cells
were treated with 10% BSA for 1 h to reduce non-specific binding.
Microtubules were first labeled with alpha-tubulin antibody (AB Cam,
Cambridge, MA, USA) for 3 h, and then with FITC secondary antibody
(Invitrogen) for 1 h. Cells were then imaged using a laser scanning
confocal microscope (Olympus, USA). The buckling points in micro-
tubules were quantified using a chord-to-point distance accumulation
(CPDA) method [46]. A square ROI of 150×150 pixels was selected on
the microtubule immunofluorescent images of the cell, which covers
around 30% of the cell area. The buckling regions in the ROI were
counted and the curvature at each buckling region was calculated.

mRNA quantification

Immediately after CHP loading, both of the loaded and control
MLO-Y4 cells on glass slides were trypsinized. The total RNA was



Fig. 1. A syringe driven by a programmable pressure pump was used to apply CHP (0 to 68 kPa, at 0.5 Hz) to cells. The pressure inside the chamber was continuously monitored
through a pressure gauge to ensure that the desired loading profile was applied. A slightly modified pressure chamber was used for real-time intracellular [Ca2+] observation. The top
and bottom halves of the chamber were secured with screws. The gasket, sealed with vacuum grease, prevents leakage of media inside the chamber. The microscope objectives were
able to focus on the glass slide through the observation hole.
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extracted from cells (n=12) using RNeasy Mini Kit (Qiagen, USA).
The extracted RNAwas treatedwith DNase I (Fermentas) and reverse-
transcribed using SuperScriptTM III RT (Invitrogen, USA) to synthesize
cDNA. For genes COX-2, RANKL, OGP, and 18 S, Quantitative PCR
(qPCR) was used to amplify the cDNA of the samples using gene-
specific primers and SYBR Green I (Roche, USA) in Mastercyler ep
Realplex2 (Eppendorf, USA). The copy number of COX-2, RANKL, and
OPG for each experimental group were normalized to its 18 S
(housekeeping gene) rRNA levels and the control group. To define
the time courses of the gene expressions, the duration of the CHP
stimulation was varied at 1 or 2 h.

Apoptosis staining and quantification

To assess the effects of CHP on osteocyte apoptosis, apoptosis in
MLO-Y4 cells was induced by serum starvation of the cells with α-
MEM containing 0.02% FBS, 0.02% CS and 1% P/S for 24 h prior to the
application of CHP. CHP was applied for 1 h to these serum starved
MLO-Y4 cells, during which cells were exposed to fresh complete
medium. Then they were incubated for 1 h at 37 °C and 5% CO2 with
fresh complete medium. The percentage of apoptotic cells was
measured at prior to CHP loading (24 h after the start of serum
starvation), and compared against cells that were exposed to
complete media. Apoptosis was measured again immediately after
CHP (25 h post the beginning of serum starvation) or with 1 more
hour of incubation in fresh complete medium (26 h post the
beginning of serum starvation) and compared with non-loaded
controls (cells in pressure chambers without pressure loading
application) (n=8). The APOPercentage dye (Biocolor Ltd.) was
used to stain the apoptotic cells. The APOPercentage dye can only be
actively transported into the cells that lose their membrane
asymmetry, which occurs early during apoptosis [47]. The accumu-
lation of APOPercentage dye stains the apoptotic cells pink, allowing
detection of apoptosis using a microscope. PAP pen (Sigma) was used
to draw a containment oval on slides of cells subjected to either CHP
or static controls. The hydrophobic ovals served as a barrier to control
the staining area during the 30 min staining process. The dye stock
solution was diluted (1:20) in complete medium, and the diluted dye
(50 μL) was applied inside the oval barrier region. After the 30 min
incubation, the dye was removed. The region was then rinsed twice
with 1 mL of PBS. The cells were immersed in PBS before being
photographed under amicroscope. Five regions within the oval region
were photographed. The cells in these photos were quantified for the
number of apoptotic cells over the total number of cells in each field of
view (FOV). All cells were counted using the ImageJ software with the
cell counter plug-in.
Statistical analysis

Student t-tests (performed with SPSS software) were used to
determine significant differences between CHP loaded groups and
static groups (control). Statistical significance was defined as Pb0.05
(two tailed).
Results

Increased oscillations of intracellular calcium concentration

The increase in [Ca2+]i during application of CHP loading was
observed 40 s after the start of the loading (Fig. 2A). Few cells
showed increases in [Ca2+]i. during the baseline period. Upon the
application of CHP, a significantly (P=0.002) higher percentage of
cells (20.9%) showed over two-fold increase in [Ca2+]i (Fig. 2B).
Oscillations in [Ca2+]i were observed in all cells even after the CHP
loading was stopped.
Altered microtubule morphology but with no changes in actin filament

Fluorescent staining using Alexa Fluor 488 phalloidin for actin
filament showed no significant difference between MLO-Y4 cells that
were subjected to CHP versus non-loaded controls (Fig. 3A). No
obvious stress fiber formation was observed. However, after applying
CHP to MLO-Y4 cells, the microtubules showed increased buckled
structure (Fig. 3A). The number of buckling regions and the curvatures
of these regions were computed using the CPDA algorithm imple-
mented in MatLab. There was a 4.4-fold increase in the curvatures of
microtubule buckling points (P=0.049) (Fig. 3D). However the
number of detected corners, which corresponds to the number of
buckling points in the microtubules, remained the same for both
groups (Fig. 3C).



Fig. 2. (A) The observed 340/380 nm fluorescent intensity ratio in representative cells. Before the application of pressure, 180 s of baseline was recorded. CHP was applied at the
180 s mark. Fluorescent intensity ratio level, which corresponds to intracellular [Ca2+], showed first peak at 36 s after the start of CHP application. (B) Effect of CHP on intracellular
[Ca2+] in MLO-Y4 cells (n=30). Significantly (P=0.002) more cells showed more than two-fold increase in intracellular [Ca2+] when treated with CHP compared with non-loaded
cell (control).
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Increased COX-2 expression

Wemeasured the relative mRNA expression level of COX-2, which
is vital for the synthesis of PGE2 in the cell [48–50]. Following the
Fig. 3. (A) Effect of CHP (68 kPa at 0.5 Hz for 1h, n=8) on the actin filament and microtubu
structures after the application of CHP, while the actin filament organization remained the sa
shown (bar=10 μm). The ROI (top panel) consists of an area of 150×150 pixel (38.8×38.8 μ
regions and the curvature of each buckling region (bottom panel of B). (C, D) Quantification
significant difference was observed in the number of microtubule buckling regions. (D) Th
pressure condition (control).The cells treated with CHP showed significantly larger curvatu
loading regime of 68 kPa at 0.5 Hz for 1 h, COX-2 mRNA expression
level increased by 65% in CHP loaded cells (P=0.006), compared with
non-loaded controls (Fig. 4A). However the elevated COX-2 level was
abolished after 2 h of CHP (68 kPa, 0.5 Hz) loading. There was no
le morphology in MLO-Y4 cells (bar=30 μm). The microtubules showed more bended
me between the control and CHP treated groups. (B) An example of the CPDA analysis is
m). AMatLab program implementing the CPDA algorithmwas used to find the buckling
of microtubule buckling regions after 1h CHP loading on MLO-Y4 cells (n=8). (C) No
e curvature in each of the buckling regions was calculated and normalized to the no
re compared with non-treated cells (control) (P=0.049).



Fig. 4. (A) Relative mRNA levels of COX-2 (n=12). After 1h of CHP (68 kPa, 0.5 Hz) the
relative expression of COX-2mRNA in cells subjected to CHPwas 1.75 times higher than
that in non-loaded controls (P=0.006). However this difference disappeared after 2h
of CHP. (B, C) Relative mRNA levels of OPG, RANKL and RANKL/OPG in MLO-Y4 cells
(n=12) after 1h (B) and 2h (C) of CHP loading (68 kPa, 0.5 Hz). Sham loaded glass
slides seed with MLO-Y4 cells were used as no pressure control. No significant
difference was observed in OGP, RANKL expression level, or RANKL/OPG ratios after 1h
of CHP (B). However the OPG expression level decreased by 35% (P=0.001), and
caused the RANKL/OPG ratio in CHP treated cells increased by 82% after 2h compared to
the controls (P=0.02).
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significant difference in COX-2 gene expression between the CHP and
control groups after 2 h of loading.
Fig. 5. (A) The percentage of apoptotic MLO-Y4 cells after 24 h of serum starvation,
compared with cells under normal conditions (n=6, P=0.08). (B) The percentage of
apoptotic MLO-Y4 cells after 1 h of CHP (n=8) and with 1 additional hour of
incubation. In both CHP and control groups, the percentage of apoptotic cells
significantly decreased after 1 h CHP+ 1 h of incubation compared with the percentage
of apoptotic cells after 24 h of serum starvation (P=0.0022 for Control, P=0.0010 for
CHP). The percentage of apoptotic cells between CHP and control was not significantly
different immediately after 1 h of CHP. But after an additional 1 h incubation, the CHP
treated groups (4.7%) had significantly (P=0.006) less percentage of apoptotic cells
compared to control groups (9.3%). Also, compared with cells at 25 h, the cells
subjected to CHP had lower percentage of apoptotic cells with 1 more hour of
incubation (P=0.011).
RANKL/OPG expression

Opposite to the case of COX-2, the mRNA expression levels of OPG
and RANKL did not show any significant change inMLO-Y4 cells and the
RANKL/OPG ratio showed a slight but not statistically significant
decrease after 1 h of CHP loading (68 kPa, 0.5 Hz) (Fig. 4B). Increasing
the duration of theCHP loading to 2 h, the expression levels of RANKstill
did not show any significant difference from the controls. However,
the prolonged stimulation did result in a significant decrease (35%,
P=0.001) in the OPG mRNA level, and a significant increase in the
RANKL/OPG ratio (60%, P=0.02) (Fig. 4C).

Decreased osteocyte apoptosis

After 24 h of serum starvation, the percentage of apoptotic cells
was 26.5%, compared with 11.8% of cells cultured with complete
medium for the same duration (P=0.047) (Fig. 5A). To determine
whether CHP can inhibit the osteocyte apoptosis induced by serum
starvation, we applied 1 h CHP on MLO-Y4 cells after 24 h serum
starvation. The control group was serum starved for 24 h and then
placed in the pressure chamber for 1 h without pressure loading. At
the beginning of this 1 h post serum starvation, fresh complete
mediumwas provided to both CHP and control groups. We found that
immediately after applying CHP for 1 h (25 h from the start of serum
starvation), the percentages of apoptotic cells were not significantly
different from those of non-loaded groups (Fig. 5B). However, after an
addition 1 h incubation (26 h from the start of serum starvation),
there was a 50% decrease in the percentage of apoptotic cells
(P=0.006) in the CHP loaded (4.7%) compared with the control
(9.3%) groups (Fig. 5B). The percentage of apoptotic cells in the
control groups did not change significantly after 1 h of incubation.
However, 1 h incubation following the CHP treatments resulted in a
significant (19%) reduction in apoptotic cells (P=0.01) compare with
CHP treatment alone. Both CHP loaded and control groups show
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significant decreases in percent of apoptotic cells at 26 h after the start
of serum starvation (Fig. 5).

Discussions

Mechanical loading produces multiple physical signals that may
stimulate bone cells and eventually lead to bone adaptation and
remodeling. Cellular responses to some of the stimuli such as fluid
shear stress and substrate stretching are relatively well studied. One
of the knowledge gaps is whether and how osteocytes sense cyclic
hydraulic pressure. In this study, we investigated the responses of
osteocytes to cyclic hydraulic pressure (CHP) associated with in vivo
functional loading. In specific, we showed an increase in [Ca2+]i of
MLO-Y4 osteocyte-like cells in response to CHP. The buckling in the
osteocyte microtubules showed increased curvature after CHP
loading. At the mRNA level, COX-2 expression increased after 1 h of
CHP loading; RANKL/OPG ratio showed significant increase after 2 h
of CHP loading. Lastly, we observed a beneficial effect of CHP that
reduced osteocyte apoptosis induced by serum starvation.

The increase in [Ca2+]i was observed under CHP stimulation but
the increase was not as rapid compared to when osteocytes were
subjected to fluid flow (Fig. 2A). The [Ca2+]i level increased after
about 40 s from the start of the loading. In contrast, bone cells
responded much faster under fluid shear stress stimulation, with
increased [Ca2+]i after about 20 s of loading [51]. This observation
suggests that osteocytes may have a different mechanism of sensing
hydraulic pressure. Comparedwith themostly single peak response of
fluid shear treated cells [51], CHP treated MLO-Y4 cells from the
present study had a longer, oscillatory response. It is not clear what is
the upstream event triggering this elevated [Ca2+]I response. It has
been shown that transient receptor potential (TRP) channels can be
activated by hypo-osmotic stimulation and induce calcium ion influx
in osteoblasts [52]. It is possible that similar mechanism exists
in osteocyte as well, which is responsible for the observed increase in
[Ca2+]I in our study. Being an early secondary messenger, increase in
[Ca2+]i could set off an array of downstream biochemical responses in
bone cells, including autocrine and paracrine signaling [45,53]. The
increase in [Ca2+]i has been found to cause translocation of nuclear
factor κB to the nucleus and stimulate COX-2 expression in osteoblasts
[54]. Therefore it is possible that [Ca2+]i could be the cause of the
elevated COX-2 mRNA expression observed in this study. It is also
identified that increase in [Ca2+]i could activate ERK and p38 MAPK in
osteoblast [53]. It might be possible that ERK and p38 MAPK is
activated by elevated [Ca2+]i , and this may have caused the observed
increase in COX-2 expression in our study as well. There is also
evidence that [Ca2+]i couldmodulate microtubule morphology [55]. It
is possible that the loading induced [Ca2+]i release and changes in
microtubule morphology could form a positive feedback loop that
reinforces the responses of osteocytes to CHP.

The actin filament organization did not change after application of
CHP, in contrast to the stress fiber formation after fluid flow [8].
However, we demonstrated that cyclic pressure loading at 68 kPa at
0.5 Hz was able to cause changes in the microtubule organization in
MLO-Y4 osteocyte-like cells. In cells without external loading,
microtubules have been shown to be in the state of constrained
buckling with multiple buckling regions with straight segments in
between [56]. From the present study, the curvatures of the bending
sections in the microtubules showed significant increase in cells
subjected to CHP, indicating that the buckling sections of the micro-
tubules became more ‘compressed’ after CHP loading. Interestingly,
the number of detected corners, which corresponds to buckling
sections, did not increase. Several factors could contribute to this
observed change in the microtubule morphology as follows: 1) Since
very high pressure (100 MPa)was needed to denature proteins [57], it
is more likely that the change in microtubule is a regulatory response
of the cells. Calcium, which showed increased intracellular concen-
tration in our study, has been shown to promote microtubule
depolymerization [58]. 2) The change in microtubule morphology
could be also related to the PGE2 level. It has been shown that
microtubule is an integral part for PGE2 release in osteocytes [59]. 3)
Changes in cytoplasmic streaming may also change the dynamics of
the microtubule network, since it was shown to be affected by fluid
pressure [60]. 4) The cell membrane is an often overlooked cell
structure that may sense pressure loading in cells. Pressure could
change the spacing between the lipid bi-layers and its fluidity, which
would affect membrane-bound receptors. Further studies are war-
ranted to elucidate the molecular mechanisms of the osteocyte
responses to CHP.

We showed that COX-2 expression increased after applying CHP
loading to MLO-Y4 cells for 1 h (Fig. 4A). It is in agreement with a
previous study in which the effects of CHP on osteoblast-like
(MC3T3-E1) cells were studied [21]. The increase in COX-2 may
suggest increased level of PGE2 and its release into extracellular
space, which may produce autocrine effects to i) enhance osteocyte
response to mechanical loading [61], and ii) enhance osteoblast
differentiation [62], leading to increased bone formation [63–65]. It
has also been shown to mediate resorption [66]. In our study, the
increase in COX-2 disappeared after 2 h of CHP. This result is actually
in agreement with the response induced by substrate stretching,
which showed a biphasic temporal profile of COX-2 response [33].
Our study showed that COX-2 may be a part of a pathway that can be
activated by all three types of mechanical loading (fluid shear stress,
substrate stretching and fluid pressure), which may include
adenylate cyclases, GTPase, ERK and PKA activation [67].

Both primary osteocytes and MLO-Y4 osteocyte-like cells have
been shown to express RANKL and OPG, and were able to modulate
osteoclast formation and activation [68]. RANKL and OPG have also
been observed to be co-localized with osteocytes in vivo [69]. The
present study showed that RANKL/OPG ratio did not change after 1 h
of CHP loading, but it increased significantly after 2 h of CHP loading.
The increase in the RANKL/OPG ratio mainly results from the decrease
in OPG expression (Fig. 4C). The canonical Wnt signaling, which
regulates OPG expression in osteoblasts [70], might be activated by
CHP. Since evidence has shown that osteocyte alone can trigger
osteoclast formation [68], the results from this study indicated that
long-term CHP of 68kPa level might trigger bone resorption. In
contrast, fluid shear stress was shown to induce increases in both
RANKL and OPG mRNA and protein expression, and caused the
RANKL/OPG ratio to decrease [4,71]. Our results suggest that CHPmay
modulate osteoclast functions in a manner different from fluid shear.

Similar to the effect of fluid shear stress [72] and substrate
stretching [73] on osteocytes, CHP have reduced apoptosis [43]. We
have shown here that 1 h of CHP loading was sufficient to produce
anti-apoptotic effects, although the reduction in apoptotic cells was
detected after 1 h of incubation post application of CHP (Fig. 5B). In
our study, exposure to fresh complete medium significantly reduced
the percent of apoptotic cells in both CHP and control groups, but CHP
loading had a significant more reduction than the non-loaded control.
Since the disruption of the asymmetric composition of cell membrane
detected by the Apopercentage assay is an early event in the apoptosis
process[47], it was likely that a portion of the apoptotic cells was later
rescued from apoptosis by CHP. The elevated COX-2 level induced by
CHP may have been beneficial for osteocyte viability [61] through
Wnt/β-catenin signaling pathway[74]. Our result is consistent with
previous studies with bone explants, which showed cyclic hydraulic
pressure reduced osteocyte apoptosis [43].

In summary, the present study found that osteocytes were able to
detect and respond to cyclic hydraulic pressure in vitro. As tested in
the present study with a cyclic pressure at 68 kPa level, 20.9% of the
MLO-Y4 cells responded to the simulation by increasing the [Ca2+]i
40 s after the onset of loading. The curvature of the buckling points in
microtubules increased after 1 h of pressure loading. The COX-2
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mRNA level increased after 1 h of loading and the RANKL/OPG ratio
increased significantly after 2 h (but not 1 h) of loading. Further study
is needed to elucidate the dose and frequency responses to cyclic
hydraulic pressures at varied magnitudes and frequencies. Recent
study suggests that the osteocytes may experience up to 5 MPa fluid
pressure under 1000 microstrain loading at 1 Hz [27]. Systematic
examination of the effects of CHP on osteocytes will lead toward a
better understanding and consequently better controlling of bone
remodeling for the treatments of bone diseases and the enhancement
of bone health.
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