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Abstract
The osteocyte is hypothesized to be the mechanosensory cell in bone. However, osteoblastic cell
models have been most commonly used to investigate mechanisms of mechanosensation in bone.
Therefore, we sought to determine if differences might exist between osteocytic and osteoblastic cell
models relative to the activation of β-catenin signaling in MLO-Y4 osteocytic, 2T3 osteoblastic and
primary neonatal calvarial cells (NCCs) in response to pulsatile fluid flow shear stress (PFFSS). β–
catenin nuclear translocation was observed in MLO-Y4 cells at 2 and 16 dynes/cm2 PFFSS, but only
at 16 dynes/cm2 in the 2T3 or NCC cultures. MLO-Y4 cells released high amounts of PGE2 into the
media at all levels of PFFSS (2–24 dynes/cm2) and we observed a biphasic pattern of relative to the
level of PFFSS. In contrast PGE2 release by 2T3 cells was only detected during 16 and 24 dynes/
cm2 PFFSS starting at >1 hour and never reached the levels produced by MLO-Y4 cells. Exogenously
added PGE2 was able to induce β–catenin nuclear translocation in all cells suggesting that the
differences between the cell lines observed for β–catenin nuclear translocation was associated with
the differences in PGE2 production. To investigate a possible mechanism for the differences in
PGE2 release by MLO-Y4 and 2T3 cells we examined the regulation of Ptgs2 (Cox-2) gene
expression by PFFSS. 2T3 cell Ptgs2 mRNA levels at both 0 and 24 hours after 2 hours of PFFSS
showed biphasic increases with peaks at 4 and 24 dynes/cm2 and 24 hour levels were higher than 0
hour levels. MLO-Y4 cell Ptgs2 expression was similarly biphasic; however at 24 hours post flow
Ptgs2 mRNA levels were lower. Our data suggest significant differences in the sensitivity and
kinetics of the response mechanisms of 2T3 and neonatal calvarial osteoblastic versus MLO-Y4
osteocytic cells to PFFSS. Furthermore our data support a role for PGE2 in mediating the activation
of β–catenin signaling in response to fluid flow shear stress.
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INTRODUCITON
The mammalian skeleton has evolved to be exquisitely suited to function in structural support
for muscles, in protection of internal organs, and as a reservoir for mineral homeostasis. It is
capable of detecting changes in mechanical loading and adapting to these changes to maintain
the most structurally appropriate bone mass and architecture. The precise mechanism
underlying bone responsiveness to changes in mechanical load is unknown. However, the
mechanism clearly involves the orchestrated interplay of multiple bone cell types and multiple
signaling pathways whose activity is tightly regulated.

The role of the osteocyte as the mechanosensory cell in bone has long been postulated given
that it is the most abundant cell in bone and is ideally suited to perceive changes in mechanical
load [1,2]. Studies by Klein-Nulend and colleagues have shown that primary chicken
osteoblasts are less sensitive to shear stress compared to primary chicken osteocytes [3] and
that primary osteocytes subjected to fluid flow produce factors that inhibit osteoclast formation
to a greater extent than osteoblasts [4]. Recently, in vivo evidence has accumulated that strongly
supports a central role of the osteocyte in bone responsiveness to mechanical loading. Tatsumi
et al. have elegantly demonstrated that the targeted ablation of the osteocyte induces rapid bone
loss, osteoblast dysfunction, and the development of fragile bone [5]. Also deletion of the
osteocyte protected against unloading-induced (hindlimb suspension) bone loss; providing
strong evidence for its role as the mechanosensory cell in bone. At the molecular level it is
interesting to note that much of the proposed models/mechanisms have relied heavily on in
vitro studies using primary osteoblasts or osteoblastic cell lines as surrogates for the osteocyte.
This is partially understandable from the perspective that osteocytes are in the same lineage as
the osteoblast, primary osteocytes are much more difficult to isolate, and there are any number
of osteoblastic cell lines that are readily available. However as has been previously discussed,
the “osteocyte is not an osteoblast” [6] and there is ample evidence to support this important
concept [3,7–9].

Considerable evidence has accumulated in the literature in the past few years for a role of the
Wnt/β-catenin signaling pathway in the response of bone / bone cells to various forms of
mechanical loading. Norvell et al [10] have shown that fluid shear stress induces β–catenin
nuclear translocation in primary rat neonatal calvarial osteoblasts and in MC3T3 osteoblastic
cells and this regulates Cox-2 (Ptgs2) expression. Studies by Liedert et al. [11] demonstrated
that in MC3T3-E1 cells subjected to mechanical stretch that estradiol and Wnt signaling
interacted to regulate Ptgs2 gene expression. Lau et al [12] demonstrated the activation of Wnt,
estrogen receptor, IGF-1 and BMP pathways in primary osteoblasts isolated from 8 week old
calvaria or long bones of C57BL/6J mice but not C3H/HeJ mice. The role of the Wnt pathway
in response to mechanical loading in vivo has been demonstrated in studies by Robinson et al
[13] in which changes in the expression of a number of Wnt target genes was observed
following tibia 4-point bending, while Sawakami et al [14] demonstrated that Lrp5, the Wnt
co-receptor, is needed for new bone formation in response to loading. Armstrong et al [15]
demonstrated β–catenin nuclear translocation in response to mechanical strain in ROS 17/2.8
cells and the critical role for ERα in mediating the signaling response. Rubin and colleagues
have observed a similar result using uniform axial strain applied to the pre-osteoblastic CIMC-4
cells [16]. Rubin and colleagues also demonstrated that induction of β–catenin signaling
controlled through GSK-3β in response to mechanical load in the form of uniform biaxial strain
suppresses adipogenic differentiation of C3H10T1/2 and marrow-derived mesenchymal stem
cells in favor of osteoblastic differentiation [17,18]. Thus in a number of different types of
loading systems and different osteoblastic bone cell lines a clear role for Wnt/β-catenin
signaling has been established, however whether the same mechanisms are used by osteocytes
remains to be fully investigated.
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The creation of the MLO-Y4 osteocytic cell line [19] has provided a model that, although not
perfect, possesses many of the properties of the early osteocyte [6] and provides an additional
in vitro model to further investigate the pathways that are activated in response to mechanical
loading. Previous work from our lab has shown an important role for fluid flow shear stress
induced PGE2 release and β–catenin signaling in blocking glucocorticoid induced apoptosis
in MLO-Y4 osteocytes [20]. Concomitant with those studies and presented in this paper, we
have examined the response of the MLO-Y4 osteocytic cell line with respect to mechanical
loading in the form of pulsatile fluid flow shear stress and compared that to the response of the
2T3 osteoblastic cell line [21]. Our findings demonstrate a number of differences in the
responses of these two cell types/lines and raise a number of important considerations for our
understanding of the pathways/mechanisms that bone may use to respond to mechanical
loading.

MATERIALS AND METHODS
Cell Culture and Reagents

Cell culture reagents were purchased from Life Technologies and culture dishes and flasks
were purchased from BD Biosciences. PGE2 was purchased from Cayman Chemicals. All cell
cultures were conducted in 5%CO2/95% humidified air incubators maintained at 37°C. Two
murine clonal cell lines, 2T3 osteoblastic (courtesy of Dr. Steve Harris, UTHSCSA) and MLO-
Y4 osteocytic (courtesy of Dr. Lynda Bonewald, UMKC), were used in these experiments.
Both cell lines were grown on rat-tail collagen type I (BD Biosciences) in media as described
[19,21].

For individual cultures, cells were plated 2–3 days before each experiment. 2T3 cells (passage
22) and MLO-Y4 cells (passage 27) were plated on 25 mm × 75 mm × 1 mm collagen-coated
culture slides (Shandon SUPERFROST® positively charged, Thermo Scientific) at a density
of 5 × 105 cells per slide. Slides were maintained in sets of three in 100 mm × 100 mm square
culture dishes containing 15 ml of medium.

Primary mouse neonatal calvarial osteoblasts were isolated from 5–7 day old neonatal mouse
calvaria as described by Mikuni-Takagaki et al. [22] with slight modifications. Neonatal mice
were euthanized by decapitation and the calvaria surgically removed. After a quick wash in
PBS the calvaria were digested twice with 0.2% collagenase-0.05% trypsin for 20 minutes.
The first two digests are discarded as they contain largely fibroblastic cells. Four additional 20
minute digests were performed and the cell-containing supernatants were pooled, centrifuged,
resuspended in 1 ml of α–MEM containing 10% fetal bovine serum and 1X pen-strep, and
counted using a hemocytometer. This pool 3–6 is a predominantly primary osteoblast
population of cells. All procedures using neonatal mice were approved by the UMKC IACUC.

Pulsatile Fluid Flow Shear Stress (PFFSS)
Fluid flow experiments were performed using the Flexcell® Streamer® Shear Stress Device
(Flexcell International). For each experiment, 550 ml of cell culture medium was cycled over
6 slides in parallel through the closed loop for 2 hours. All fluid flow regimens began with a
20 second uniformly incremental ramp-up period until the target magnitude was reached. After
this initial period, all regimens consisted of a base fluid shear stress (2.0 to 32.0 dynes/cm2)
with cyclic pulses (± 0.6 dynes/cm2) at a frequency of 0.5 Hz. Three static control slides for
each experiment were transferred to a new culture dish with fresh medium for each 2-hour
experiment.
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Immunostaining to Detect β-catenin Nuclear Translocation
Cells after PFFSS or various treatments were rinsed once in phosphate buffered saline
(Ambion), fixed in 2% paraformaldehyde (Alfa Aesar) containing 0.2% Triton X-100 for 10
minutes and then washed 3 times in PBS at room temperature for 5 minutes each. Slides were
then blocked with blocking solution [2.5% bovine serum albumin (BSA) – 1% non-immune
donkey serum in PBS] for either 1 hour at room temperature or overnight at 4 °C. Primary goat
antibody to total mouse β–catenin was obtained from Santa Cruz Biotechnology (used at 1:100
dilution in blocking solution). For immunostaining of cells, primary antibody was incubated
for 4 hours at room temperature, washed, followed by secondary Cy3 conjugated donkey anti-
goat antibody (Jackson ImmunoResearch Labs) (1:200 in blocking solution) for 1 hr at room
temperature. Isotype matched nonimmune antibodies are used as a negative control for all
immunostaining studies. After immunostaining the cells were photographed using a Nikon
E800 microscope equipped with epifluorescence under 20X objective lens.

Phalloidin (Alexa Flour 488) was purchased from Invitrogen and used at a 1:200 working
dilution in the buffer during the secondary antibody incubation. Images of β-catenin and
phalloidin staining were overlaid in Photoshop. All photographs were taken at 20X
magnification and the same exposure settings.

Immunoblotting
Antibodies against active (non-phospho Ser33/37/Thr41) β–catenin and the IGF-1 receptor β
isoform (IGF-1Rβ) were obtained from Cell Signaling Technology. Nuclear and cytoplasmic
protein extracts were obtained using a kit (Pierce Chemical, Inc.) exactly as described by the
manufacturer. The protein concentration of extracts was determined using the BCA Protein
Assay kit (Pierce Biotechnology, Inc.).

Cells were grown on collagen coated 6 wells dishes to ~70% confluency and then the media
was changed to normal growth media with or without PGE2 at 1000 pg/ml for 2 hours before
extraction. Total protein aliquots (5 µg) were denatured in 5X SDS sample buffer and then
loaded onto 10% Tris-HCl pre-made gels (Bio-Rad Laboratories). The protein was then
transferred onto nitrocellulose membrane (Bio-Rad Laboratories) by electroblotting at 60v for
2 hours. The membranes were blocked with 0.3% nonfat dried milk in PBS containing 0.1%
tween-20 (PBS-T) using the S.N.A.P. ID system (Millipore Corp). The membrane was then
incubated overnight at 4°C in primary antibody diluted 1:200 with 0.3% nonfat dried milk in
PBS-T. Membranes were washed with PBS-T and incubated with HRP-conjugated anti-rabbit
IgG for 1 hour at room temperature. Membranes were washed with PBS-T and stained with
SuperSignal® West Dura Extended Duration Substrate (Pierce Biotechnology Inc). The blots
were scanned using the Luminescent Image Analyzer LAS 4000 (FujiFilm Medical Systems
USA, Inc.) and band intensity was determined using MultiGage software (FujiFilm Medical
Systems USA).

PGE2 Assay
In a separate set of experiments, cells were subjected to 2, 4, 8, 16 or 24 +/− 0.6 dynes/cm2 of
PFFSS for 2 hours as described above. 1–2 ml of circulating media was collected at 5, 15, 30,
60 and 120 minutes during the fluid flow through a T-valve that was inserted in the outflow
line between the flow chamber and the media reservoir. The media was frozen immediately
and stored at −80 °C until all samples were analyzed for PGE2 concentration using an EIA kit
purchased from Cayman Chemical Company according to manufacturer’s directions. For 2T3
cells a 50 µl aliquot was assayed for each sample and for MLO-Y4 cells a 10 µl aliquot was
assayed. Assays were performed in duplicate for each sample and the individual sample results
were averaged. Triplicate experiments were performed for each fluid flow shear stress level.
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Quantitative Real-Time Polymerase Chain Reaction
Total RNA was extracted using TRIzol reagent according to the manufacturer’s instructions.
RNA pellets were re-hydrated in 30 µl of 1 mM sodium citrate pH 6.4 (Ambion) and quantitated
by UV spectrophotometry. Isolated RNA (1.0 µg) was reverse transcribed in 20 µl replicate
reactions at 42°C for 60 minutes using 2.5 µM oligo d(T)16 and 50 U Murine Leukemia Virus
(MuLV) Reverse Transcriptase (Applied Biosystems). In order to reduce variability, replicate
RT reactions from each slide were pooled.

Relative quantitation RT-PCR (TaqMan) was performed in 50 µl duplex reactions containing
1X TaqMan Universal Master Mix, 5 µl cDNA, 900 nM Ptgs2 forward primer, 900 nM
Ptgs2 reverse primer, 350 nM Ptgs2 probe, 900 nM Gapdh forward primer, 900 nM Gapdh
reverse primer, and 350 nM Gapdh probe. Amplifications for each slide were performed in
triplicate and quantitated using an ABI Prism 7000 Sequence Detection System. Sequences of
forward primers (FW), reverse primers (RV), and detection probes (P) were as follows:
Ptgs2: TGTTGAGTCATTCACCAGACAGATTG (FW),
TGTACAGCAATTGGCACATTTCTTC (RV), 6FAM-CCCAGCAACCCGGCCAG-
MGBNFQ (P); Gapdh: TCAACGGGAAGCCCATCAC (FW),
GCCTCACCCCATTTGATGTTAGT (RV), VIC-TCGCTCCTGGAAGATG-MGBNFQ (P).

Statistical Analysis
Changes in gene expression between experimental and control samples were detected using
the Comparative Threshold Cycle (Ct) method of data analysis. Once a delta threshold cycle
was calculated for each PCR reaction, the three replicates for each sample were averaged to
give a mean delta threshold cycle (mean ΔCt). Along with this, a single average for all controls
in each experiment was calculated, the mean control delta threshold cycle. This mean control
delta threshold cycle allowed for the calculation of error in the control. The mean control delta
threshold cycle in each experiment was then subtracted from mean experimental delta threshold
cycle values, including control samples to give the delta delta threshold cycle (ΔΔCt). Finally,
the delta delta threshold cycle values were converted to linear values for statistical analysis.

The fold difference values were then analyzed using one way analysis of variance (ANOVA)
with Neuman- Keuls post hoc tests or two way ANOVA with Bonferroni post hoc tests for
between group comparisons with the statistical software package in GraphPad Prism 4.03 to
determine statistically significant changes in gene expression.

RESULTS
β-catenin nuclear translocation in response to PFFSS

We first investigated whether the responsiveness of 2T3 and MLO-Y4 cells with regard to
nuclear translocation of β–catenin was dependent on the magnitude of PFFSS (Figure 1).
Cultures were subjected to PFFSS at 2 or 16 dynes/cm2 for 2 hours, immediately thereafter
fixed and immunostained to localize β–catenin. As shown in Figure 1, static cultures show
very faint nuclear staining for β–catenin (panels B, F). Interestingly, cell membrane staining
for β–catenin was observed in 2T3 cells (panels B–D) but not detectable in MLO-Y4 cells
(panels F–H). At 2 dynes/cm2 no evidence of β–catenin nuclear translocation was observed in
the 2T3 osteoblastic cell line (Figure 1, panel C), whereas clear evidence for nuclear
translocation of β–catenin was observed in the MLO-Y4 osteocytic cell line (Figure 1, panel
G). At 16 dynes/cm2 evidence of β–catenin nuclear translocation was observed in both cell
lines (Figure 1, panels D and H). Primary neonatal calvarial osteoblasts also demonstrated an
identical β–catenin localization pattern in response to 2 and 16 dynes/cm2 PFFSS as that
observed with 2T3 osteoblastic cells (Figure 2).
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PGE2 Production by 2T3 and MLO-Y4 Cells in Response to PFFSS
In order to understand the difference in the β–catenin nuclear translocation response of 2T3
versus MLO-Y4 cells we measured PGE2 production by these cells during the application of
PFFSS. Prior to measuring PGE2 concentration in the media we performed an equilibration
test to ascertain how fast at various levels of PFFSS a bolus of dye would dilute and reach a
stable concentration in the recirculating media. At 2 dynes/cm2 this occurred within 3–4
minutes and at 16 dynes/cm2 this occurred between 1–2 minutes (data not shown). Thus we
took our first sample at 5 minutes from the start of peak flow. The PGE2 concentration in the
media circulating in the fluid flow system is shown in Figure 3. MLO-Y4 osteocytic cells
produced higher levels of PGE2 compared to 2T3 osteoblastic cells at all levels of PFFSS.
MLO-Y4 cells secreted a significant amount of PGE2 within the first 5 minutes of fluid flow
and the concentration of PGE2 in the recirculating media increased over the two hours of
applied PFFSS (Figure 3A). At 2, 4, and 8 dynes/cm2 of PFFSS, PGE2 remained undetectable
in the recirculating media of 2T3 osteoblastic cells (Figure 3B) for the duration of the 2 hour
experiment. At 16 and 24 dynes/cm2 2T3 cells produced detectable levels by 1 hour of PFFSS
and significant levels by 2 hours of PFFSS. The level of PGE2 produced by MLO-Y4 cells at
all magnitudes and times of PFFSS was greater than the highest amount produced by the 2T3
cells. Plotting the MLO-Y4 PGE2 data from the 2 hour time point demonstrated a biphasic
curve for PGE2 accumulation in the media with respect to magnitude of PFFSS (Figure 3C).

To further explore the kinetics of PGE2 release in MLO-Y4 cells we performed a study (Figure
3D) in which media was sampled at the end of the slow ramp up to 2 dynes/cm2 (20 seconds)
and at 1 and 2 minutes after the start of flow without recirculation of media. As seen in Figure
2D, there was a large release of PGE2 from the MLO-Y4 cells that occurred during the 20
second slow ramp.

Biphasic expression of Ptgs2 in response to pulsatile fluid flow
We next sought to understand the differences in PGE2 release by MLO-Y4 versus 2T3 cells.
In all of these studies PFFSS was performed for 2 hours and RNA was extracted from the cells
either immediately (zero hours post-flow) or after a subsequent incubation for 24 hours (24
hours post-flow). Ptgs2 (Cox-2) expression levels of each culture were normalized against
matching static controls. Comparison of delta Ct values in MLO-Y4 versus 2T3 cells indicated
a 4–8 fold higher baseline level of Ptgs2 mRNA in MLO-Y4 cells (not shown). Two separate
peaks in Ptgs2 expression were evident in both 2T3 and MLO-Y4 cells in response to greater
magnitudes of fluid shear stress. In MLO-Y4 cells, the first peak in expression was observed
at 2–4 dynes/cm2 (Figure 4A). A much higher peak was observed at 16 dynes/cm2, while
Ptgs2 mRNA levels in MLO-Y4 cells exposed to higher levels of fluid flow shear stress began
to reduce towards static controls in a dose dependent fashion. In 2T3 cells, the two peaks, at 4
and 24 dynes/cm2 were evident at both zero hours post-flow as well as 24 hours post-flow
(Figure 4B). Ptgs2 mRNA levels in 2T3 cells were greater at 24 hours post-flow at 2, 4, and 8
dynes/cm2, while they were greater at zero hours post-flow at 16, 24, and 32 dynes/cm2. Unlike
2T3 cells at 24 hours post-flow, expression of Ptgs2 in MLO-Y4 cells was less than controls
at all time points, although what appeared to be a biphasic pattern with similar peaks seen at
0 hours post-flow was apparent.

PGE2 treatment-induced β–catenin nuclear translocation
Given the large differences in the amount of PGE2 released by the MLO-Y4 versus 2T3 cells
(Figure 3), we next asked if differences in PGE2 could explain the observed differences in β–
catenin nuclear translocation between cell lines at various magnitudes of PFFSS. To test this
we added PGE2 exogenously at 1000 pg/ml to static cultures to determine if this would induce
the nuclear translocation of β-catenin. We fractionated non-treated and PGE2 treated cells into
nuclear and cytoplasmic compartments and measured β–catenin levels using an antibody that
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detects the active form of β–catenin (Cell Signaling Technologies). As shown in Figure 5, the
addition of 1000 pg/ml PGE2 (determined from Figure 3A) to static cultures resulted in
increased active β–catenin in the nuclear fractions of both 2T3 and MLO-Y4 cell cultures after
2 hours of incubation. An antibody against IGF-1Rβ was used to assess the relative
contamination of the nuclear fraction with cytoplasmic proteins. Shown in Figure 5, the IGF-1R
immunoblot indicates that our nuclear fractions were not contaminated with significant
amounts of cytoplasmic proteins. Interestingly, 2T3 cells showed a high level of active β–
catenin in the cytoplasm of both non-treated and PGE2 treated cells. Immunostaining of 2T3
cells with this antibody (Figure 6) strong cell membrane associated immunofluorescence
similar to that observed in Figure 1 (panels B–D). Application of 2 or 16 dynes/cm2 PFFSS
for 2 hours resulted in little or no change in β–catenin associated with the cell membrane as
was also observed in Figure 1, β–catenin nuclear staining was only observed at 16 dynes/
cm2 (Figure 6C and 6D).

DISCUSSION
The main goal of these studies was to determine if pulsatile fluid flow shear stress (PFFSS)
would induce similar responses in the MLO-Y4 osteocytic cell line [19] in comparison to the
2T3 osteoblastic cell line [21] with respect to β–catenin signaling. We observed that PFFSS
induced β–catenin nuclear translocation and increased the expression of Cox-2 (Ptgs2) gene
expression in MLO-Y4 and 2T3 cells, but there were notable differences. PFFSS was able to
induce β–catenin nuclear translocation in the MLO-Y4 osteocytic cell at much lower magnitude
of PFFSS compared to the 2T3 osteoblastic cells. Our data also support a role for PGE2 as a
key initiator of β–catenin signaling in these cells. The kinetics and amount of PGE2 release by
MLO-Y4 osteocytic cells in response to PFFSS supports the model/mechanism by which β–
catenin signaling is rapidly activated in osteocytes as we have proposed in a recent review
[6].

We began by examining β–catenin nuclear translocation as a well established endpoint of bone
cell response to mechanical loading [10,12,13,15–18]. We observed significant β–catenin
nuclear translocation in the MLO-Y4 osteocytic cells after 2 hours of PFFSS at both 2 and 16
dynes/cm2, but in the 2T3 osteoblastic cells this occurred only at 16 dynes/cm2 (Figure 1).
Mouse neonatal calvarial osteoblasts also only showed β–catenin nuclear translocation at 16
dynes/cm2 (Figure 2). We have recently observed the same pattern of β–catenin nuclear
translocation in fetal rat calvaria cells (not shown). One important consideration for in vitro
studies is the form of mechanical loading to use; e.g. fluid flow shear stress versus mechanical
stretch. As has been discussed in vivo the osteoblast is unlikely to experience fluid flow shear
stress in the same form and magnitude as the osteocyte [6]. Thus it may be that the differential
sensitivity we observed to the magnitude of PFFSS between MLO-Y4 osteocytic versus 2T3
osteoblastic cells could relate to the use of fluid flow versus mechanical stretch. Klein-Nulend
and colleagues [23] have reported that in primary human bone cells (osteoblasts) that the
response to pulsating fluid flow versus cyclic strain differed significantly and that primary
chicken osteocytes are more sensitive to fluid shear stress that other bone cells [7,24]. Zaman
et al [25] have also shown that isolated chicken osteocytes release greater amounts of nitric
oxide (NO) that primary osteoblasts and that calvarial osteoblasts are relatively unresponsive
and fail to show increased NO production in response to loading. Conversely, Owan et al
[26] reported that MC3T3-E1 osteoblastic cells were more responsive to fluid flow that
mechanical strain. Our data suggest that the magnitude of applied fluid flow shear stress is
critical and that the MLO-Y4 osteocytic cell line, similar to primary chicken osteocytes, is
more sensitive to PFFSS than osteoblastic cells.

We next sought to determine a possible underlying mechanism that might account for the
differences we observed in β–catenin nuclear translocation and magnitude of PFFSS between
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MLO-Y4 versus 2T3 cells. Castellone et al. [27] have shown that PGE2 signaling is able to
crosstalk with β–catenin signaling through a mechanism involving Akt-mediated
phosphorylation of GSK-3β. Both increased Akt phosphorylation and GSK-3β
phosphorylation have been reported in osteoblasts in response to fluid flow using a high
magnitude of PFFSS [10], although the connection to PGE2 was not made in that earlier work,
recent studies from our group and others have implicated a role of Akt in mediating the crosstalk
between PGE2 and β–catenin signaling [17,20,28]. Since PGE2 is capable of inducing β–
catenin nuclear translocation it seems logical that one possible explanation for the lack of
translocation in 2T3 and neonatal calvarial cells might be related to differences in PGE2 release
by these cells versus MLO-Y4 cells in response to PFFSS. Mechanistically increased Cox-2
activity (Ptgs2 gene expression) and PGE2 secretion are known to be an early event in the
response to mechanical loading [7,29–36]. Our data demonstrated that MLO-Y4 osteocytic
cells release significantly higher amounts of PGE2, at lower levels of applied shear stress and
the kinetics of release is much more rapid than the 2T3 osteoblastic cells (Figure 3). Addition
of exogenous PGE2 resulted in β–catenin nuclear translocation in both cell lines (Figure 5).
Thus the differences in PGE2 release by MLO-Y4 versus 2T3 cells could explain the
differences we observed in β–catenin nuclear translocation.

Several groups have previously reported measuring significant PGE2 levels in response to fluid
flow shear stress in both primary osteoblasts and other osteoblastic cell lines. However, studies
with osteoblastic cells have consistently demonstrated very slow kinetics for PGE2 production
[35,36] and required high magnitudes of shear stress. Additionally, previous studies with
osteoblasts have routinely included a post-incubation period of 1–2 hours after flow before
PGE2 could be measured. In our study we sampled the circulating media during the application
of fluid flow shear stress and observed the release of PGE2 from MLO-Y4 osteocytic cells
occurs within seconds (Figure 3D), implying that the mechanism and kinetics of response to
loading in different bone cell types could vary substantially. Xia et al. [28] have shown an
important role for connexin-43 hemichannels in mediating PGE2 release in the MLO-Y4
osteocytic cell. Our data agree with the work of Klein-Nulend et al. [3] who reported faster
PGE2 release in chicken osteocytes relative to osteoblasts or periosteal fibroblasts. Future
studies aimed at defining the exact temporal sequence of events involved in the perception of
a physical signal by osteocytes in vivo will need to be performed.

Several studies have implicated an important role for PGE2 in the response of bone and bone
cells to mechanical loading. Kunnel et al. have shown that Cox-2 and constitutive NOS are
important in the anabolic responses of neonatal tibia to in vitro mechanical load [37], while
Pilbeam and colleagues have shown that fluid flow induces Cox-2 gene expression in MC3T3-
E1 osteoblastic cells via PKA and Erk signaling [38,39]. Furthermore, Akhter et al [40] have
shown that EP2 receptor knockout mice have weak biomechanical strength properties
implicating this prostaglandin receptor subtype as being critical in bone. Our data are consistent
with these and several other published studies and support a functional crosstalk signaling
between the PGE2 signaling and β–catenin signaling pathways [6].

Another interesting finding of our studies was the relationship between the magnitude of PFFSS
and the regulation of Ptgs2 (Cox-2) mRNA levels. In our experiments both the 2T3 osteoblastic
and MLO-Y4 osteocytic cells displayed a similar biphasic induction of Ptgs2 mRNA in
response to increasing magnitude of PFFSS. There was a peak of expression at 2–4 dynes/
cm2 and a higher peak at 16 dynes/cm2 in both cell lines immediately after the end of a 2-hour
fluid flow session. However, at 24 hours the Ptgs2 mRNA levels fell below those of the static
control in MLO-Y4 cells (Figure 4A), whereas in the 2T3 cell lines the Ptgs2 mRNA levels
continued to increase (Figure 4B). The greater fold induction by the 2T3 cells (Figure 4B) is
probably reflective of the 4–8 fold lower basal level of Ptgs2 mRNA in these cells versus the
MLO-Y4 cells (data not shown). While we did not absolutely quantitate Ptgs2 mRNA levels
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in 2T3 or MLO-Y4 cells, based on differences in the delta Ct values and the fold induction
observed we estimate that the peak induced levels in 2T3 cells at 2 or 24 hours were equivalent
to those in the MLO-Y4 cells at 2 hours after the start of PFFSS. PGE2 production by MLO-
Y4 cells also showed a similar biphasic response and the high level of PGE2 released rapidly
by MLO-Y4 cells (Figure 3) compared to 2T3 would seem to suggest that MLO-Y4 cells store
considerable higher amounts of PGE2, which could be due to the higher basal level of Cox-2
or possibly to Cox-1. In this regard it is interesting that Alam et al. have shown that
mechanotransduction in vivo did not require the Cox-2 gene, but as noted by the authors these
paradoxical findings may have resulted from induction of Cox-1 activity [41].

What might account for this biphasic pattern of expression? It seems unlikely that this is a
phenomenon uniquely related to these cell lines. Murray and Rushton [42] found a nearly two-
fold greater level of PGE2 secretion at 7,000 µε, followed by a reduction at 14,000 µε and a
second peak at 28,000 µε that was over two-fold higher than controls. Reich and colleagues
found a nearly 13-fold greater concentration of intracellular cAMP at 4.3 dynes/cm2 followed
by a reduction at 9 dynes/cm2, and a second peak at 36 dynes/cm2 that was nearly 16-fold
higher than controls [43]. Searby et al. [44] also observed what appears to be a biphasic effect
of hypergravity on PGE2 in cultures of primary fetal rat calvarial osteoblasts subjected to
increasing magnitudes of g-force. Therefore, this biphasic response does not appear to be an
artifact of the cell lines being used in our studies. One possible explanation is that higher
magnitudes of strain may activate additional pathways that further up-regulate Ptgs2 gene
expression. This is another important consideration for studies with osteoblastic cells that
uniformly require high levels of fluid flow shear stress to activate a response. Further studies
will be required to determine the mechanism behind this biphasic pattern.

Our data are consistent with a number of studies using osteoblastic cell lines that demonstrate
the ability of these cells to respond to fluid flow shear stress or mechanical stretch. One key
question that needs further examination is whether the mechanisms used by osteoblastic cells
and osteocytic cells to respond to fluid flow or stretch can be fully explained by a PGE2
mediated mechanism? While our studies presented here do not specifically address this
question they do demonstrate that the MLO-Y4 cell is much more sensitive to the magnitude
of PFFSS than the 2T3 osteoblastic cell and more rapidly activates the biochemical cascade of
events subsequent to the perception of strain compared to the osteoblast. Findings of greater
sensitivity of primary chicken osteocytes to fluid flow have previously been reported [3,7] and
differential sensitivity of MLO-Y4 to shear stress versus MC3T3-E1 cells has been reported
[9,45]. Although interestingly, Wadhwa et al. [39] have reported a detectable increase in Cox-2
mRNA levels using fluid flow shear stress as low as 0.14 dynes/cm2 for 4 hours. Another
difference in the response mechanism between the 2T3 and MLO-Y4 cells that we observed
was revealed in the 24-hour post PFFSS Ptgs2 mRNA response. While 2T3 cells continued to
increase the expression of Ptgs2 mRNA and presumably Cox-2 protein levels, the increase in
MLO-Y4 cells was more transient, with Ptgs2 expression falling below that observed at the
end of PFFSS (2 hour) (Figure 4A). The significance of this difference in terms of
understanding the pathways used by bone cells in response to load remains unanswered and
will need further investigation.

As we have noted our studies do have several limitations. It is important to recognize that the
MLO-Y4 osteocytic cell, while possessing many characteristics of an osteocyte [6] does not
express many of the proteins shown to be expressed in mature primary osteocytes [46,47].
Therefore while closer to the osteocyte in terms of its differentiation than osteoblastic cell lines,
the MLO-Y4 cell line it is not the same as an osteocyte embedded in a mineralized matrix.
Thus, even better in vitro and in vivo models of osteocyte will need to be developed before we
fully understand the mechanism of how bone cells respond to mechanical load. Another
important consideration is the type and magnitude of load to apply in vitro. Weinbaum and
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colleagues [48] have predicted that fluid shear stress of 8–30 dynes/cm2 occur on the osteocyte
process with physiologic loading. We observed an MLO-Y4 cell response at 2 dynes/cm2,
which is much lower than the Weinbaum model prediction. The exact explanation for this
discrepancy is not clear, but one contributing factor may be the two dimensional nature of cell
culture compared the three dimensional mineralized environment in vivo.

In conclusion, our studies illustrate a major difference in the sensitivity of the MLO-Y4 versus
the 2T3 (and primary neonatal calvarial osteoblast) in terms of their ability to respond to fluid
flow shear stress. PFFSS induced β–catenin nuclear translocation at low magnitudes in MLO-
Y4, but only at high magnitudes in the osteoblastic cells. The MLO-Y4 produces at least a
magnitude greater amount of PGE2 at low levels of shear stress, which do not stimulate
detectable secretion in osteoblasts. At high levels of shear stress, as is often used in studies of
osteoblastic cells, PGE2 secretion does occur, but its level does not reach the same amount as
we observed being produced by the MLO-Y4 cells and the kinetics of accumulation are much
slower. Importantly our data make a functional connection between PGE2 and β–catenin
nuclear translocation and connect these signaling pathways as part of the mechanism by which
bone cells respond to fluid flow shear stress.
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Figure 1.
β-catenin nuclear translocation detected by immunostaining in 2T3 osteoblastic (Panels A–D)
and MLO-Y4 osteocytic cells (E–H). Panels A and B are non-immune IgG controls. Panels B
and F are static controls. Panels C and G are 2 dynes/cm2 and Panels D and H are cells subjected
to 16 dynes/cm2. All cells were photographed at 20X and the green (phalloidin) and red (β-
catenin) channels were overlaid in Adobe Photoshop. Scale bar in Panel E is 100 µm and is
the same for all panels.
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Figure 2.
β-catenin nuclear translocation in mouse neonatal calvarial osteoblastic cultures. Panel A
shows non-immune control immunostaining. Panel B shows the immunostaining of static
cultures. Panel C and D show immunostaining after 2 hours of PFFSS at 2 or 16 dynes/cm2.
Note the significant amount of cytoplasmic membrane associated positive staining in Panels
B–D, whereas nuclear staining for β–catenin was only visible in Panel D. All cells were stained
with an antibody that recognizes total β–catenin (red staining) and photographed with a 20X
objective lens. Scale bar is 100 µm and is the same for all panels.
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Figure 3.
PGE2 accumulation in the fluid flow media during the application of various levels of pulsatile
fluid flow shear stress. MLO-Y4 osteocytic cells (A) and 2T3 osteoblastic cells (B) were
subjected to fluid shear stresses as indicated and media sampled at 5, 15, 30, 60 and 120
minutes. All time points in the MLO-Y4 are significantly different compared to static controls
at p<.05. Panel C: PGE2 accumulation in the fluid flow media at 120 minutes was plotted versus
the level of applied pulsatile fluid flow shear stress. Panel D: PGE2 release was measured at
20 sec, 1 and 2 minutes at 2 dynes/cm2. Data shown are mean ± std dev. n=3. ap<.05 compared
to control. bp<.05 compared to 2 dynes/cm2.
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Figure 4.
Fold change in Ptgs2 mRNA concentration in response to various levels of pulsatile fluid flow
shear stress. MLO-Y4 osteocytic cells (A) and 2T3 osteoblastic cells (B) were subjected to
fluid shear stresses of 2.0, 4.0, 8.0, 16.0, 24.0, and 32.0 dynes/cm2 with pulse heights of ±0.6
dynes/cm2 at a frequency of 0.5 Hz for 2 hours. Static controls were incubated for 2 hours in
culture dishes. At the end of each fluid flow regimen, cells were either immediately lysed (0
hours post-flow, solid line) or returned to static culture in flow medium for 24 hours (24 hours
post-flow, dashed line) followed by RNA extraction. Expression of Ptgs2 was quantitated by
real-time PCR duplex reactions with Gapd as an endogenous control. ap < 0.01 compared to
static controls. Data shown are mean ± sem. n=6.
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Figure 5.
Immunoblot detection of cytoplasmic and nuclear β–catenin. MLO-Y4 and 2T3 cells were
grown on collagen coated dishes under static conditions and treated with PGE2 (1000 pg/ml)
or vehicle (media) for 2 hours. Cells were harvested and cytoplasmic and nuclear extracts were
prepared and immunoblotting performed with an antibody against the active form of β–catenin
(Cell Signaling Technologies). To test the relative purity of the preparations the same blots
were probed with an antibody against IGF-1R, which is a cytoplasmic protein.
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Figure 6.
Active β-catenin nuclear translocation detected by immunostaining in 2T3 osteoblastic cells.
Panel A is the non-immune control, Panel B are static cultures, Panels C and D are cultures
treated with 2 or 16 dynes/cm2 PFFSS for 2 hours, respectively. All cells were photographed
at 20X and the green (phalloidin) and red (β-catenin) channels were overlaid in Adobe
Photoshop. Cytoplasmic membrane associated staining is visible in Panels B–D, while nuclear
staining was only observed in Panel D.
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