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Abstract

During physiological activities, osteoblasts experience a variety of mechanical forces that
stimulate anabolic responses at the cellular level necessary for the formation of new bone.
Previous studies have primarily investigated the osteoblastic response to individual forms of
mechanical stimuli. However in this study, we evaluated the response of osteoblasts to two
simultaneous, but independently controlled stimuli; fluid flow-induced shear stress (FSS) and
static or cyclic hydrostatic pressure (SHP or CHP, respectively). MC3T3-E1 osteoblasts-like cells
were subjected to 12dyn/cm? FSS along with SHP or CHP of varying magnitudes to determine if
pressure enhances the anabolic response of osteoblasts during FSS. For both SHP and CHP, the
magnitude of hydraulic pressure that induced the greatest release of ATP during FSS was 15
mmHg. Increasing the hydraulic pressure to 50 mmHg or 100 mmHg during FSS attenuated the
ATP release compared to 15 mmHg during FSS. Decreasing the magnitude of pressure during FSS
to atmospheric pressure reduced ATP release to that of basal ATP release from static cells and
inhibited actin reorganization into stress fibers that normally occurred during FSS with 15 mmHg
of pressure. In contrast, translocation of nuclear factor kappa B (NFxB) to the nucleus was
independent of the magnitude of hydraulic pressure and was found to be mediated through the
activation of phospholipase-C (PLC), but not src kinase. In conclusion, hydraulic pressure during
FSS was found to regulate purinergic signaling and actin cytoskeleton reorganization in the
osteoblasts in a biphasic manner, while FSS alone appeared to stimulate NFxB translocation.
Understanding the effects of hydraulic pressure on the anabolic responses of osteoblasts during
FSS may provide much needed insights into the physiologic effects of coupled mechanical stimuli
on osteogenesis.
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INTRODUCTION

The mechanical environment experienced by osteoblasts consists of multiple types of
mechanical stimuli, such as substrate strain, hydraulic pressure, and fluid flow induced shear
stress (FSS).1 Each individual form of mechanical stimuli has the ability to induce anabolic
responses in osteoblasts that are needed to maintain the mass and structural integrity of
bone. In particular, physiologic levels of hydraulic pressure and FSS have been shown to
induce anabolic responses in osteoblasts, =4 while the response to strain requires much
higher magnitudes in vitro than physiological strains recorded on bone in vivo.> Although
hydraulic pressure and FSS increase levels of anabolic markers, such as cyclooxygenase-2
(COX-2) production, prostaglandin-E, (PGEy) release, and osteopontin (OPN)

expression,3 4 6 the manner in which each form of stimuli initiates mechanotransduction
and alter cellular biomechanics.2 4 As a result, it is difficult to predict how these
mechanisms will interact when osteoblasts are subjected to two or more forms of mechanical
stimuli.

In response to FSS, the initial influx of extracellular calcium through mechanosensitive
cation-selective channels (MSCC) and L-type voltage sensitive calcium channels (L-VSCC)
induce vesicular release of ATP and phosphorylation of mitogen activated protein
kinases.”~10 Purinergic signaling through ATP release has emerged as an essential
component of the mechanotransduction pathway in osteoblasts.8 11 Extracellular ATP can
bind to either P2Y receptors, which are G-protein coupled receptors, or P2X receptors,
which are ligand gated ion channels. Activation of P2Y receptors in particular regulates
intracellular calcium release from the endoplasmic reticulum (ER) by activating
phospholipase-C (PLC) to cleave D-myo-inositol 1,4,5-trisphosphate (IP3) from
phosphatidylinositol 4,5 bisphosphonate (PIP5) in the membrane, leaving diacylglyceride
(DAG).10 In response to FSS, the PLC/IP; mediated calcium response contributes to the
nuclear translocation of nuclear factor kappa B (NF«B).12- 13 Once in the nucleus, the cis-
activating element of NFxB can bind to several gene promoters that can regulate
inflammatory and immune responses, cell proliferation, and apoptosis.1* In particular, the
production of COX-2 is dependent on PLC/IP3 mediated NFkB translocation to the
nucleus.12: 13.15 Both COX-2 production and NF«xB translocation are indicative of the
anabolic response among osteoblasts and contribute to the osteogenic process.

Although hydraulic pressure and fluid flow have been shown to invoke similar mechanisms
involved in osteogenesis, such as ATP release,? it is often assumed that the addition of
hydraulic pressure during FSS only enhances the anabolic response of osteoblasts. When
osteoblasts were subjected to FSS in a gravity-driven flow system, where a gauge hydraulic
pressure of 15mmHg was present, the anabolic responses were attributed only to FSS and
the contribution of hydraulic pressure was neglected.16 However, there are few reports
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supporting this assumption. Given the range in magnitudes of hydraulic pressure and FSS
osteoblasts are reported to experience,1”- 18 the interplay between hydraulic pressure and
fluid flow is essential to understanding the anabolic response of osteoblasts during
physiological conditions.

The anabolic response of osteoblasts to specific forms of mechanical stimuli can be affected
by the organization of the cytoskeleton. In response to either FSS or hydraulic pressure,
osteoblasts modify the structural organization of the cytoskeleton by increasing actin stress
fiber formation (ASFF) that results in increased cell stiffness. 1° The increased
polymerization of the actin cytoskeleton in response to mechanical stimuli in various cell
types is thought to downregulate the mechanosensitivity as a means to cope with or survive
potentially injurious forces.2% 21 In contrast, depolymerization of the actin cytoskeleton
enhances the mechanosensitivity of osteoblasts by increasing MSCC and L-VSCC activity
and the intracellular calcium response induced at the onset of FSS.22 Overall, the actin
cytoskeleton contributes to changes in cell shape and cell stiffness to define the mechanical
properties of the cell, 1% 23 the function of ion channels,24 25 and the transduction of external
forces through focal adhesions.2® These changes in the cytoskeleton are largely dependent
on calcium-induced purinergic signaling that activates intracellular calcium release through
PLC/IP3.4 12,13 Although both FSS and hydraulic pressure can induce changes in ASFF and
cell stiffness when applied separately, it remains unclear how changes in hydraulic pressure
during the application of FSS will affect changes in the actin cytoskeleton.

The goal of this study was to determine the influence of hydraulic pressure on the anabolic
responses of MC3T3-E1 osteoblasts-like cells during FSS along with the changes in
cytoskeleton organization. We postulated that hydraulic pressure enhances the anabolic
response of osteoblasts during FSS by increasing the release of ATP and the resulting
translocation of NFkB to the nucleus. We also hypothesized that hydraulic pressure
contributes to the increase in ASFF reorganization in MC3T3 osteoblasts during FSS. To
test these hypotheses, we examined changes in these endpoints in response to FSS while
independently varying static and dynamic hydraulic pressures applied to MC3T3-EL1 cells.

METHODS

Cell Culture

Mother cultures of MC3T3-E1 osteoblast-like cells (Clone 14, ATCC, Bethesda, MD) were
grown in -MEM containing 10% FBS (Gibco, New York, NY), 100 U/ml penicillin, 100
ug/ml streptomycin and 26 mM NaHCOj3, and housedin humidified incubators at 37° C with
5% CO2/95% air. For experimental studies, cells were seeded at 1x102 cells/cm? on glass
slides coated with rat-tail type | collagen (50 ug/ml, BD, Franklin Lakes, NJ). Once cells
reached 75% confluence, they were serum starved for 24 hours prior to testing with serum
free medium. All the compounds, if not otherwise stated, were purchased from Fisher
Scientific (Pittsburgh, PA).
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In-Vitro FSS with Hydraulic Pressure

MC3T3 cells seeded on glass slides were subjected to FSS with varied magnitudes of
hydraulic pressure inside a parallel plate flow chamber. A constant uni-directional laminar
flow through the flow chamber was used to generate 12 dynes/cm? shear stress along the
plasma membrane as described previously8. The fluid flow rate to the chamber was
controlled by a gravity driven flow system, maintained at 37°C and filled with 25ml of
serum free medium with a pH of 7.3 by aerating the system with 5% CO,/95% air prior to
each experiment (Fig 1A). During each experiment, the flow system was sealed so that the
gauge pressure (defined relative to atmospheric pressure) inside the vertical column and the
parallel plate flow chamber could be adjusted. The pressure inside the vertical column was
adjusted by compressing air using a custom-built syringe pump. The syringe was driven
either to a set distance for changing the SHP, or to follow a sinusoidal waveform to generate
CHP. By changing the pressure in the vertical column, the mean pressure in the flow
chamber was altered independently from the gravity-driven FSS (12 dynes/cm?). The gauge
pressure inside the vertical column was monitored throughout the course of each experiment
with a pressure gauge (Omega, Stamford, CT) mounted to the system (Fig 1B). Inhibitors
used during mechanical stimulation were supplemented in the media and cells were
pretreated for 5 minutes with the appropriate inhibitor prior to testing.

For each experiment, cells plated on a glass slide were first loaded into the flow chamber
with the inlet and outlet sealed so that the cells were at atmospheric pressure prior to
mechanical stimulation. Next, the pressure in the vertical column was adjusted to the
appropriate magnitude of SHP or CHP. To begin the experiment, the inlet and outlet valves
on the flow chamber were then opened to expose the cells to an instantaneous increase in
FSS and hydraulic pressure.

To verify that the hydraulic pressure in the fluid flow chamber reached the appropriate
magnitude, a Mikro-Tip catheter pressure transducer (Millar Instruments, Houston, Texas)
sealed in a t-connector provided by the manufacturer was connected at the inlet of the flow
chamber (Fig. 1). The signal from the pressure transducer was ampli ed through a controller
(PCU 2000, Millar Instruments) and recorded at 250 Hz using a NI-USB-6221 A/D board
and Labview data acquisition software (National Instruments, Texas). The pressure
transducer was calibrated according to the manufacture’s instruction.

In the first series of experiments, cells were subjected to 12 dynes/cm? FSS with 0, 15, 50 or
100 mmHg of static hydraulic pressure (SHP) applied during FSS. The magnitudes of
pressure chosen for this study were derived from in-vivo and in-vitro measurements and
mathematical estimates.1”: 18. 27-29 The magnitude of FSS (12 dynes/cm?) was selected
based on its ability to generate a significant anabolic response in osteoblasts.30-32 Each
magnitude of pressure was tested a minimum of three times from different cells passages.

A second series of experiments determined the effect of cyclic hydraulic pressure (CHP)
with steady 12 dynes/cm? FSS. During experiments with CHP, the gauge pressure inside the
flow chamber oscillated between 0 and a peak magnitude of 15, 50, or 100 mmHg, based on
a sinusoidal waveform with a frequency of either 0.5 or 1.0 Hz. Each magnitude of pressure
was tested a minimum of three times for each frequency from different cell passages.
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During each series of experiments, a control group denoted as static was also tested. Each
control experiment consisted of placing cells inside the parallel plate chamber for the same
duration of time, but was exposed to only atmospheric pressure with no FSS.

The release of ATP by MC3T3 cells was measured in response to 5 minutes of FSS with
various magnitudes of SHP and CHP. Following 5 minutes of mechanical stimuli, aliquots
of the circulating media were taken and cell lysates were obtained by washing the cells with
PBS, then incubating the cells on ice with 80 l of lysis buffer (5 mM HEPES, 150 mM
NaCl, 26% glycerol, 1.5 mM MgCI2, 0.2 mM EDTA, 0.5 mM dithiothreitol, and 0.5 mM
phenylmethylsulfonyl fluoride). Both lysate and media aliquots were stored at —80°C for
further analysis. The protein concentration of each lysate sample was determined using a
BCA assay (BCA Protein Assay Kit, Pierce) and a 96-well micro-injector plate reader
(POLARstar OPTIMA, BMG LABTECH GmBH). Duplicate readings were taken for each
lysate sample and averaged to determine the appropriate protein concentration. The ATP
concentration of each media sample was measured using a bioluminescence assay kit (ATP
Bioluminescence Assay kit HS 1l; Roche, Indianapolis, IN). Light emitted as a result of the
reaction between D-luciferin and luciferase was detected using the 96 well micro-injector
plate reader. The magnitude of ATP release for each sample was first averaged over two
measurements, and then normalized by the protein concentration determined from the
respective cell lysate. The normalized ATP release for each sample was then normalized to
their respective control group to obtain the percent change in ATP release. The average
percent change in ATP release for each magnitude of pressure and frequency was measured
at least three times and reported along with the standard deviation between each experiment.

Immunohistochemistry

Using immunostaining, both F-actin and NF«B were visually assessed following mechanical
stimuli and compared to controls. Previous studies have shown 60 minutes of FSS can
increase actin polymerization into ASFF and induce nuclear translocation of NFxB.12 13, 26
Thus, cells were exposed to 60 minutes of FSS with various magnitudes of SHP or CHP. A
positive control for NFkB translocation was conducted by treating cells for 30 minutes with
tumor necrosis factor alpha (TNF-a, 100 ng/ml, Sigma). Following treatment or mechanical
stimuli, cells were fixed and permeabilized with 3% paraformaldehyde and 0.1% Triton
X-100 in PBS for 30 min. Nonspecific binding was then reduced by incubating cells with
3% BSA (Gibco, New York, NY) and 10% goat serum (Gibco, New York, NY) for 45
minutes. NFxB was then labeled with a primary antibody specific to the p-65 subunit of
NFxB (AB Cam, Cambridge, MA) for 3 hours at 37°C. Cells were then washed with
blocking buffer and the incubated with secondary antibody Cy-3 goat anti-rabbit antibody
(Jackson ImmunoResearch Laboratories, Inc. West Grove, PA) and Alexa Fluor 488
phalloidin conjugate (Invitrogen) for 1 hour. Each slide was then mounted with polyvinyl
alcohol mounting medium (Fluka-BioChemika) and imaged using confocal microscopy
(LSM 510, Zeiss, Germany) with dual excitations (488 nm for F-actin, and 561 nm for
NF«B). Cytoskeleton re-organization and NF«B translocation was evaluated for each
experimental group described above. Each group was tested a minimum of 3 times from
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different cell passages, with 4-5 images taken for each test and a total of 12—15 images to
evaluate the cytoskeleton organization and the location of NFkB in the cell.

Statistical Analysis

RESULTS

One-way ANOVA was used to detect differences in ATP release between experimental
groups of different magnitudes of hydraulic pressure (0, 15, 50, 100 mmHg) or applied
frequencies (0.5 or 1.0 Hz) and un-treated controls. Significant differences in cell stiffness
between groups were also detected using a one-way ANOVA with a p-value of 0.05. Each
experimental group along with their respective controls was conducted a minimum of three
times. Statistical significance was defined with a p < 0.05 and a post hoc Tukey-Kramer test
was used to detect significant difference among groups.

ATP Release

The gauge pressure measured inside the parallel chamber of a gravity driven flow system
was on average 15 mmHg (~2 kPa), while generating a FSS of 12 dynes/cm?2. The
magnitude of FSS was selected based on previous work demonstrating that at least 10
dynes/cm? is needed to elicit an anabolic response among osteoblasts.30-32 Under these
conditions (FSS/SHP45), MC3T3 cells exhibited a ~7 fold increase in ATP release.
Reducing the SHP to atmospheric pressure (FSS/SHPq with a gauge pressure of zero)
significantly attenuated the ATP release to a level equivalent to basal static release (Fig 2A).
Increasing the SHP to 50 mmHg (FSS/SHP5p) and 100 mmHg (FSS/SHP1g) did not
enhance ATP release during FSS, but rather caused a slight, but non-significant, decrease
compared with the case of 15 mmHg.

Since osteoblasts experience cyclic bouts of hydraulic pressure in physiological conditions,
we applied CHP during FSS with peak magnitudes of 15, 50, or 100 mmHg at either 0.5 or
1.0 Hz (Fig. 1B). The maximum release of ATP from MC3T3 cells occurred during
application of 15 mmHg CHP at both 0.5 and 1.0 Hz, while increasing the magnitude of
pressure above this optimal pressure decreased the release of ATP relative to FSS/CHP15
(Fig 2B). Increasing the frequency of applied CHP caused an increase in ATP release for
both FSS/CHP5O and FSS/CHPloo.

Cytoskeleton Organization

Previously, purinergic signaling has been shown to play a key role in ASFF and
cytoskeleton reorganization. A similar response in ASFF was observed in response to FSS
with various magnitudes of hydraulic pressure. The typical increase in actin polymerization
into ASFF in MC3T3 cells in response to FSS/SHP15 was lost when SHP was reduced to
atmospheric pressure during FSS/SHP (Fig 3). Increasing the magnitude of SHP during
FSS to 100 mmHg (FSS/SHP1g) caused a slight increase in ASFF parallel alignment
compared to atmospheric pressure (FSS/SHPg), but not to the same degree as FSS/SHPs.
The addition of CHP during FSS caused a similar response, with FSS/CHP5 at 0.5 Hz
causing the largest degree of ASFF (Fig 3). However, increasing the magnitude of pressure
to 50 mmHg at 0.5 Hz, the cytoskeleton became distinctly disorganized. This

Cell Mol Bioeng. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gardinier et al.

Page 7

disorganization of the cytoskeleton was prevented by increasing the magnitude of pressure
and rate of application to 100 mmHg and 1.0 Hz respectively during FSS. Osteoblasts
treated with TNF-a (100 ng/ml), which is a positive control for NF«B translocation to the
nucleus, did not exhibit an increase in actin polymerization.

NFxB Translocation

The anabolic response of osteoblasts to FSS has been shown to be dependent on NF«xB
activation and translocation to the nucleus.12 33 As a positive control, MC3T3 cells were
treated with TNF-a (100 ng/ml) that induced NF«B translocation to the nucleus within 30
minutes. Unlike ATP release, 60 minutes of FSS induced translocation of NFkB to the
nucleus independent of the magnitude of hydraulic pressure when compared to static
controls (Fig 4). In the same way, the magnitude and rate of applied CHP during FSS did not
impact translocation of NFkB to the nucleus. These data suggest that NFkB translocation in
response to mechanical loading is not exclusively regulated through purinergic signaling.
This possibility is supported by our observation that treatment of MC3T3 cells with
exogenous ATP (100 uM, Sigma) or Benzoylbenzoyl-ATP (BzATP, 100 uM, Sigma) did
not induce NFxB translocation, suggesting that load-induced NF«B translocation is not
mediated through direct activation of purinergic signaling (Fig 4 and 5).

Similar to our previous data, inhibition of PLC activation in osteoblasts with U73122 (5 pM,
Sigma) completely inhibited NFxB translocation to the nucleus during FSS/SHP45 (Fig
5).12. 13 While addition of exogenous ATP did not activate NFxB, suramin, a G-protein
inhibitor that has been used extensively in manipulation of purinergic signaling, was able to
block the shear-induced translocation of NFkB (Fig 5). This led us to consider that intigrins
may also be involved with NFkB translocation, given their ability to activate G-proteins
needed to initiate a PLC/IP3 mediated intracellular calcium release through focal adhesion
kinase (FAK).34 Other studies have gone on to demonstrate that FAK specifically activates
PLC through Src-kinase.3> 36 We then hypothesized that inhibiting Src-kinase activation
with PP2 (10 uM, Sigma) during FSS would inhibit NF«B translocation. However,
inhibition of Src-kinase activation with PP2 did not inhibit NF«B translocation during either
FSS/SHP15 or FSS/SHP as anticipated (Fig 5). Lastly, we tested if protein kinase C (PKC)
played a role in NFxB translocation, given its activation in response to intracellular calcium
mobilization associated with G-protein coupled purinergic receptors.10 Inhibition of PKC
with GFX (5 uM of GF 109203X, Sigma) during FSS/SHP15 did not inhibit NFxB
translocation.

DISCUSSION

Dynamic loading of bone results in various forms of mechanical stimuli that mediate
osteoblastic responses that maintain bone mass density and its structural integrity. The
mechanical forces experienced by osteoblasts includes substrate strain, hydraulic pressure
and interstitial fluid flow induced shear stress (FSS). Although extensive insight on the
anabolic response of bone cells has been established for individual types of mechanical
stimuli,1 37 little attention has been given to the combined effect that multiple forms of
mechanical stimuli may have. Hydraulic pressure alone has been shown to induce an
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anabolic response similar to FSS, such as ATP release and COX-2 production, while causing
distinct effects on cytoskeleton organization compared to FSS.# In this study we varied the
static or dynamic pressure experienced by osteoblasts, while being subjected to a constant
FSS of 12 dynes/cm?. The results from this study provide the first insight of the biphasic
effect hydraulic pressure has on mechanotransduction signaling in osteoblasts during FSS.

The immediate and latent responses of osteoblasts to a constant FSS of 12 dynes/cm? was
evaluated with respect to different magnitudes of applied static or cyclic hydraulic pressures
of 0, 15, 50, or 100 mmHg. In agreement with previous observations that dynamic loading
has a greater influence on mechanotransduction than constant loads,3® CHP caused a larger
release of ATP compared to similar magnitudes of SHP. The higher loading frequency of
0.5 Hz caused a larger release of ATP compared to the smaller loading frequency of 0.25 Hz
for each magnitude of pressure. Independent of FSS, magnitudes on the order of 100-500
mmHg of pressure are needed to elicit an anabolic response among osteoblasts, while static
hydraulic pressure has not been found to induce a significant response.2 4 Although higher
magnitudes of pressure are needed to induce an anabolic response in osteoblasts independent
of FSS, we have gone on to demonstrate under 12 dynes/cm? of FSS, osteoblasts are more
sensitive to magnitudes less than 100 mmHg of SHP and CHP. During normal ambulation,
the intramedullary pressure of the mouse femur was measured at ~10 mmHg, while we have
demonstrated under dynamic loading the intramedullary pressure can reach magnitudes
between 10 and 20 mmHg.”- 27 Overall, the low magnitudes of pressure generated within
bone serve to enhance the osteoblasts response to FSS, even though they may not be
adequate to elicit a response independently.

Under a constant FSS of 12 dynes/cm?, the addition of 15 mmHg caused the largest release
of ATP; resulting in a biphasic effect where increasing or decreasing the magnitude of
pressure significantly attenuated this response. Several possibilities exist for this enhanced
biphasic response. First, we show that hydraulic pressure increases ATP release and
cytoskeletal organization, but has little or no effect on NFxB translocation. This would
suggest that 15 mmHg of pressure may activate different cell signaling pathways from those
activated by FSS, and when the two stimuli were combined we found the release of ATP to
be enhanced. Secondly, it is well established that pre-stress of a cell impacts the ability of
the cell to sense and respond to FSS.39 40 A disorganized cytoskeletal structure and altered
cell adhesion are found to attenuate/abolish cellular response to FSS in osteoblasts in
particular.12: 13. 26, 41 Therefore, we speculate that the 15mmHg pressure added an
additional stress, or pre-stress, to the cytoskeleton that enhances the cells sensitivity to FSS.
A third explanation is that increasing the magnitude of hydraulic pressure from 15 mmHg to
50 and 100 mmHg may alter the focal adhesion complex such that their signaling
mechanisms initiated under 12 dynes/cm? of FSS are enhanced. Previous reports in lung
tissue and smooth muscle cells have found that an increase in pressure on the order of 1
mmHg decreases focal adhesion activation of the protein kinase, Akt.42 43 Focal adhesions
that anchor the osteoblasts to the extracellular matrix play a key role in translating these
mechanical forces to the intracellular cytoskeleton framework and into a biochemical
response. The interaction between focal adhesions and the extracellular matrix can change
under different mechanical loads due to conformational changes to the integrin structure.*4
Current models of focal adhesions have been shown to be sensitive to forces as small as 1-2
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pN, and are considered susceptible to buckling under high loads.*> These modifications to
the integrin structure and overall focal adhesion complex can have a significant impact on
the associated biochemical response inside the cell.3% 40 Given our current understanding of
the influence mechanical forces can have on focal adhesion function and interaction with the
cytoskeleton, our results suggest purinergic signaling in osteoblasts during FSS is facilitated
under an optimal magnitude of hydraulic pressure of 15 mmHg.

In response to mechanical loading, the cytoskeleton undergoes significant reorganization
that is dependent on the type of mechanical loading experienced by the cell.26 The
application of 15 mmHg hydraulic pressure caused pronounced actin polymerization and
ASFF. Reducing the hydraulic pressure to a gauge pressure of zero, or atmospheric pressure
(FSS/ISHPg), caused significant loss in cytoskeleton polymerization, while pressure
magnitudes of 50 or 100 mmHg produced the same effect on the actin cytoskeleton as that
of 15mmHg. Previously, we established that purinergic signaling in response to mechanical
stimuli causes an increase in cell stiffness due to changes in the actin-cytoskeleton.* This
dependence on purinergic signaling would explain the loss of ASFF observed when the
hydraulic pressure was reduced to atmospheric pressure during FSS/SHP, given the loss in
ATP release. Of the purinergic receptors characterized among osteoblasts, P2Y receptors
have the ability to activate G-proteins along with the Rho GTPase pathway to regulate
cytoskeleton re-organization.® Given that depolymerization of the actin cytoskeleton
increases the cell mechanosensitivity to successive stimulation; 2% 23 purinergic signaling is
thought to downregulate the mechanosensitivity of osteoblasts as a negative feedback to the
anabolic response. Overall, the increased purinergic signaling during FSS/SHP5 compared
to FSS/SHP suggests that hydraulic pressure is a key determinate of the sensitivity of
osteoblasts to mechanical loading.

Nuclear translocation of NFxB is key component of the anabolic response of osteoblasts to
mechanical stimuli,12 33 and is necessary for both c-fos and COX-2 production.12:15. 26 |n
order for NFxB to translocate to the nucleus, one of the two monodimers, 1xB, or 1B,
must be degraded in order to expose the nuclear translocation terminals of NF xB.12 14
Similar to our previous studies, we found that PLC/IP3 mediated intracellular release of
calcium from the ER regulates NFxB translocation to nucleus. We went on to demonstrate
that G-protein activation in response to mechanical stimuli is required for NFkB
translocation, given the inhibition caused by suramin during FSS (Fig 5). Given that other
studies have also found that hydrolyzing extracellular ATP released during FSS with
apyrase also inhibits NFkB translocation to nucleus, it would appear that P2Y receptors play
a prominent role in this response.4’ However, these studies have gone on to demonstrate that
not only P2Y, but also P2X receptors regulate IxB degradation needed for NFxB
translocation in response to FSS.#” In contrast, we found that the reduction in ATP release
during FSS/SHP did not inhibit nuclear translocation of NF«B as expected (Fig 5). In
addition, BzZATP and ATP treatment alone had no effect on NFxB translation (Fig 4 and 5).
To our knowledge, direct activation of purinergic receptors with ATP independent of
mechanical loading has not investigated prior to our study even though purinergic signaling
is considered a key mechanisms through which NFkB translation is regulated. In light of all
these findings, NFxB translation to the nucleus in response to FSS appears to be a function
of multiple pathways that rely upon a combination of mechanisms as opposed to a linear
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system of events. The absence of adjacent signaling mechanisms initiated during FSS may
render direct purinergic signaling with ATP treatment in sufficient for NFkB translation.
Others have also proposed that an anabolic response of osteoblasts to mechanical stimuli is a
function of multiple cell-signaling mechanisms as opposed to a single cascade of events.1: 37

Since BzATP and ATP alone were not able to directly induce NFxB translocation in
osteoblasts, we then investigated the potential role of focal adhesions. Similar to purinergic
receptors, integrin activation of FAK has also been shown to contribute to NFxB
translocation to the nucleus in response to FSS.#8 The activation of FAK in response to FSS
initiates numerous signaling pathways in osteoblasts,5: 26: 41. 48 and is a non-receptor
tyrosine kinase with the ability to activate G-proteins and PLC- through c-Src as a result of
phosphorylation at Tyr-397, of FAK.34-36. 49,50 AJthough FAK activation of Src has been
shown to induce PLC/IP3 mediated intracellular calcium release, we found that inhibition of
Src activation during FSS/SHP5 and FSS/SHPy when ATP release was minimal does not
inhibit NFxB translocation (Fig 5). Independent of Src, FAK is still able to activate G-
proteins,34 50 which we found necessary for NFkB translocation during FSS.34 More recent
studies have gone on to demonstrate that binding between the a,, integrin, a common
integrin vital to osteoblast function,®® and the P2Y, receptor, which is a G-protein receptor,
enables optimal activation of the receptor along with G-proteins and downstream
mobilization of intracellular calcium.>2 53 However, this unique interaction has yet to be
specifically established in osteoblasts and requires further investigation to determine if a
combination of FAK activation and purinergic signaling through G-proteins are needed for
NF«B translocation to occur during FSS. Overall, we have shown that NFkB translocation
in response to 12 dynes/cm? of FSS is regulated through G-proteins and PLC/IP3 mediated
intracellular calcium release independent of Src or PKC activation as well as the magnitude
of hydraulic pressure.

A common aspect of in-vitro systems such as ours is their limitation to mimic the in-vivo
environment. Despite our ability to identify the influence varying magnitudes of hydraulic
pressure have on the mechanotransduction of osteoblasts, further insight is needed to
determine if the biphasic response in ATP release due to 12 dynes/cm? of FSS holds true for
different flow rates. One of the key limitations of our system is that osteoblasts are only
subjected to unidirectional fluid flow on a two-dimensional substrate, as opposed to the
oscillatory flow osteoblasts experience within bone. Although both uni-directional and
oscillatory fluid stimulate an osteogenic response in osteoblasts, the timing and genes
associated with this response can differ between the two types of stimuli.>* The advantage to
using uni-directional flow in our study was the ability to adjust the hydraulic pressure
independent of the FSS. However, further work is needed to evaluate the impact hydraulic
pressure has on the mechanotransduction pathways of osteoblasts when combined with
magnitudes of FSS other than 12 dynes/cm?. Overall, our system provides a unique means to
evaluate mechanotransduction pathways in response to multiple forms of stimuli that
osteoblasts often experience in-vivo.

In summary, we have demonstrated that the presence of hydraulic pressure during FSS plays
a key role in the mechanical behavior of osteoblasts, specifically though cytoskeleton
dynamics and reorganization. While other studies have focused on the anabolic response to
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vary degrees of FSS under a constant static pressure,3 this is the first study to demonstrate
that under a constant FSS of 12 dynes/cm? the hydraulic pressure induces a biphasic effect
on ATP release. In addition, FSS at this magnitude is a crucial component to the anabolic
response of osteoblasts by enabling purinergic signaling the ability to regulate translocation
of NFkB to the nucleus through G-protein activation independent of hydraulic pressure.
Thus, osteoblasts require both hydraulic pressure and FSS to regulate their
mechanosensitivity and, at the same time, their anabolic response to mechanical loading of
bone.
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Figure 1. Schematic design of the gravity driven fluid flow system used to subject MC3T3 cells
inside a parallel flow chamber to FSS and hydraulic pressure

A] The pressure inside the column was adjusted so that cells were subject to hydraulic
pressure with a magnitude of 0, 15, 50, or 100 mmHg. The magnitude of pressure is the
gauge pressure, with 0 representing atmospheric pressure. B] The measured CHP profile
applied during FSS reached peak magnitudes of 15, 50 or 100 mmHg (gauge pressure) and
oscillated at a frequency of 0.5 Hz or 1 Hz.
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Figure 2. Maximal ATP release during FSS was observed at 15 mmHg of SHP or CHP. Reducing
the hydraulic pressureto atmospheric pressure (FSS/SHP() attenuated therelease of ATP to
basal levels

Increased magnitudes of 50 and 100 mmHg of SHP attenuated the release of ATP.

Magnitudes of 50 and 100 mmHg of CHP attenuated the overall release of ATP. Increasing
the frequency of applied CHP increased the release of ATP for peak magnitudes of 50 and
100 mmHg. Mean +/- std (* indicates p-value < 0.05 compared to static controls)
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Figure 3. Increased ASFF and reorganization in MC3T3 cellsis dependent on the presence of
hydraulic pressure during FSS
The actin cytoskeleton of MC3T3 cells was imaged following 60 minutes of FSS with

different magnitudes of SHP (0, 15, 100 mmHg gauge pressure) or CHP (15 mmHg at 0.5
Hz, 50 mmHg at 0.5 Hz, and 100 mmHg at 1 Hz). Cells were also treated with either 100
ng/ml of TNF-a or 200 pM of ATP in static conditions for 30 minutes. Each image is
representative of 12—15 images taken for each group. Bar indicates 50 pmm.
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Figure 4. Nuclear transocation of NFkB in MC3T 3 cellsisindependent of the hydraulic
pressureduring FSS
The presence and location of NF«xB in MC3T3 cells was imaged following 60 of FSS with

various magnitudes of SHP (0, 15, or 100 mmHg gauge pressure). Cells were also treated
with either 100 ng/ml of TNF-a or 200 uM of ATP in static conditions. Each image is
representative of 12—-15 images taken for each group. Bar indicates 50 pm.

Cell Mol Bioeng. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gardinier et al.

Page 19

FSS/SHP,_+ U71322 | FSSISHP,, + Suramin

FSS/SHP , + PP2 FSS/SHP,, + GFX

Figure 5. Nuclear translocation of NFkB in MC3T3 cellsis mediated by PL C activation, but is
independent of Src activation during FSS

The presence and location of NFKB in MC3T3 cells was imaged following 60 minutes of
FSS with a SHP of 15 mmHg (FSS/SHP15). Cells were treated for 30 minutes prior to
mechanical stimuli with 5 pM of U71322 to inhibit PLC activation, or 10 uM of Suramin to
inhibit G-protein activation, 10 uM of PP2 to inhibit Src activation, or 5 UM GF 109203X
(GFX) to inhibit protein kinase C. Cells were also treated with BzZATP (100 uM) alone to
activate P2X receptors. Each image is representative of 12—15 images taken for each group.
Bar indicates 50 um.
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