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Primary cilia respond to fluid shear stress and mediate
flow-induced calcium deposition in osteoblasts
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ABSTRACT Bone turnover in vivo is regulated by
mechanical forces such as shear stress originating from
interstitial oscillatory fluid flow (OFF), and bone cells in
vitro respond to mechanical loading. However, the
mechanisms by which bone cells sense mechanical
forces, resulting in increased mineral deposition, are
not well understood. The aim of this study was to
investigate the role of the primary cilium in mechano-
sensing by osteoblasts. MLO-A5 murine osteoblasts
were cultured in monolayer and subjected to two dif-
ferent OFF regimens: 5 short (2 h daily) bouts of OFF
followed by morphological analysis of primary cilia; or
exposure to chloral hydrate to damage or remove
primary cilia and 2 short bouts (2 h on consecutive
days) of OFF. Primary cilia were shorter and there were
fewer cilia per cell after exposure to periods of OFF
compared with static controls. Damage or removal of
primary cilia inhibited OFF-induced PGE2 release into
the medium and mineral deposition, assayed by Aliza-
rin red staining. We conclude that primary cilia are
important mediators of OFF-induced mineral deposi-
tion, which has relevance for the design of bone tissue
engineering strategies and may inform clinical treat-
ments of bone disorders causes by load-deficiency.—
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Bone turnover and homeostasis are regulated by
mechanical forces, and it is predicted that bone cells in
vivo are exposed to shear stresses originating from
interstitial oscillatory fluid flow (OFF; refs. 1, 2). It has
been clearly demonstrated that bone cells respond to

OFF in vitro, and exposure of osteoblasts to OFF causes
the up-regulation of a number of factors involved in
bone matrix regulation, including cyclooxygenase 2
(COX-2) and osteopontin (OPN) mRNA and prosta-
glandin E2 (PGE2) secretion (3–5), as well as stimulat-
ing extracellular matrix (ECM) deposition (6).

Until recently, little was known about how bone cells
are able to convert an external mechanical stimulus
into a biochemical signal and how this relates to in vivo
mechanisms of load-induced bone formation. A num-
ber of possible mechanisms have been identified, in-
cluding mechanosensitive calcium channels (1), integ-
rins (7), G-coupled protein receptors (8), and the cell
glycocalyx [a pericellular glycosaminoglycan (GAG)-
proteoglycan (PG) layer; refs. 2, 9]. However, recent
work has identified the primary cilium as a promising
candidate mechanosensor in bone cells (5, 10, 11).

The primary cilium is an immotile microtubule-based
organelle, found one per cell, which develops from the
mother centriole of the centrosome. It is anchored by
the basal body and then extends like an antenna from
the apical cell surface, continuous with the cell mem-
brane. Primary cilia have been seen to exist in most
mammalian tissue types and usually form several hours
after growth arrest when cultured in vitro, taking several
days to grow to full size (12), with cell spatial confine-
ment being a major regulator of ciliogenesis (13). They
are populated with receptors that participate in numer-
ous signaling events (14) and play important roles in
chemosensation (15, 16), thermosensation (17), and
mechanosensation (18), and are believed to act as
sensors to fluid flow. Application of a continuous 0.036
Pa flow caused primary cilia to deflect in osteoblasts
(10), while the absence of a healthy primary cilium in
osteoblasts and osteocytes resulted in a loss of the
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OFF-induced increases in OPN and COX-2 mRNA that
are typically seen in the same cells when possessing a
healthy primary cilium. In another study, the condi-
tioned media of OFF-stimulated osteocytes caused a
significant up-regulation of OPN and COX-2 mRNA by
mesenchymal stem cells (MSCs) compared to statically
conditioned medium. However, inhibition of primary
cilia formation in the osteocytes prior to OFF exposure
inhibited this effect (5).

While previous studies have shown that primary cilia
mediate the up-regulation of specific osteogenic genes
in response to OFF (5, 10), so far there have been no in
vitro studies concerning the role of the primary cilia
and load-induced mineral matrix deposition, which is
the end stage of bone differentiation. The relationship
between early and late responses to external mechani-
cal stimuli is not clear, and therefore load-induced
up-regulation of early osteogenic markers is not neces-
sarily followed by a load-induced increase in matrix
deposition. Chondrocyte primary cilia have been shown
to be essential for cartilage matrix synthesis (sulfated
GAG) in response to compressive strain as well as
up-regulation of early markers associated with chondro-
genesis (19).

The cilium’s mechanosensory ability appears to be
related to its structural properties, and it has been seen
that primary cilia are able to regulate their length in
response to the extracellular environment in an appar-
ent attempt to adjust their sensitivity (20, 21). Over-
loading of chondrocytes resulted in a decrease in cilia
length (20) and strain deprivation in tendon cells
resulted in a significant cilia length increase, which was
reduced on application of load in a strain-dependent
manner (21). Prior to this study, it was not known
whether bone cell primary cilia also adjust their length
in response to load.

The deflection of the primary cilium under low fluid
shear stress (FSS; 0.036 Pa; ref. 10) indicates it is able to
sense low-magnitude external stimuli. We have shown
previously that subjecting cells to OFF on a simple
rocking platform that produces low-magnitude oscilla-
tory FSS (peaking at 0.063 Pa) enhances extracellular
mineral deposition by mature osteoblasts (MLO-A5;
ref. 6). MLO-A5 osteoblasts/preosteocytes are an ideal
bone cell with which to study the role of the primary
cilia as a mechanotransducer in the modulation of
mineralized matrix deposition, due to their rapid and
robust response to short bouts of loading (9, 22). The
mineral deposited by MLO-A5 cells has been well
characterized using energy dispersive spectrometry and
a variety of high resolution microscopy techniques and
has been shown to be more like the mineral found in
bone than other osteoblastic cells such as MC3T3-E1
cells (23).

There are two commonly used methods for primary
cilia removal in vitro: application of the drug chloral
hydrate (CH), which breaks down microtubules (18);
or siRNA-mediated depletion of the intraflagellar trans-
port (IFT) component polaris (10), which is required
for primary cilia biogenesis and function (24). Polaris

knockout prevents primary cilia from forming, while
CH removes existing primary cilia and stops the forma-
tion of new primary cilia while the drug is still present.
CH treatment has been shown to be effective for
primary cilia removal in a number of different cell types
(10, 17, 25), but can take between 24 and 96 h to
completely remove all primary cilia. However, between
the beginning of the application of CH and the time at
which primary cilia are removed, damage is caused to
cilia microtubules, which results in them shrinking and
bending. This allows for investigation of the effects of a
range of cilium defects, from partially damaged to
completely removed, for further understanding of its
function.

The aim of this work was to further investigate the
role of the primary cilium as a mechanotransducer in
osteoblasts. The two main objectives were first to ob-
serve whether OFF stimulation affected primary cilia
morphology and second to elucidate whether primary
cilia inhibition affected OFF-induced extracellular cal-
cium deposition.

MATERIALS AND METHODS

Cell culture

MLO-A5 mature osteoblast cells, kindly donated by Dr. Lynda
Bonewald (University of Missouri, Kansas City, MO, USA)
under a Material Transfer Agreement with the University of
Texas (Austin, TX, USA), were used between passages 25–28.
Cells were expanded in basal medium, which consisted of �
minimal essential medium (�-MEM; Lonza, Slough, Berk-
shire, UK) supplemented with 10% fetal calf serum (FCS), 2
mM l-glutamine, and 100 �g/ml penicillin/streptomycin.
Cells were maintained at 37°C in a 95% air-5% carbon
dioxide (CO2) humidified atmosphere, and medium was
changed every 2–3 d. For all experiments, MLO-A5s were
seeded at a density of 25,000 cells/well on gelatin-coated
6-well plates containing 2 ml of basal �-MEM and supple-
mented with ascorbic acid-2-phosphate (50 �g/ml) and
�-glycerophosphate (5 mM) at d 1 of culture. Medium was
changed every 2–3 d. All reagents were obtained from Sigma-
Aldrich (Gillingham, Dorset, UK) unless stated otherwise.

Primary cilia visualization

Primary cilia are composed of axonemes containing acety-
lated �-tubulin and were visualized in formalin-fixed MLO-A5
cells by immunostaining with a monoclonal anti-acetylated
�-tubulin antibody (produced in mice; clone 6-11B-1, 1
�g/ml; Sigma-Aldrich) for 24 h at 4°C. Cells were washed,
and then biotinylated anti-mouse IgG (H�L; raised in goat; 2
�g/ml) was applied for 1 h at 20°C, followed by fluorescein
isothiocyanate (FITC)-conjugated streptavidin (10 �g/ml;
Vector, Peterborough, UK) for 30 min at 20°C. Cells were
counterstained with DAPI 4=-6-diamidino-2-phenylindole
(DAPI; 1 �g/ml; Sigma-Aldrich) for 15 min at 20°C to
visualize cell nuclei. Cells were visualized using either an
Image Express epifluorescent microscope (Axon Instru-
ments/Molecular Devices, Union City, CA, USA) or a Zeiss
Axioskop 2 FS MOT laser-scanning confocal upright micro-
scope equipped with a LSM 510 Meta detector (Carl Zeiss
Microscopy GmbH, Göttingen, Germany) and a Chameleon
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titanium:sapphire tunable multiphoton laser (Coherent,
Santa Clara, CA, USA).

Hyaluronan (HA) staining of glycocalyx

To verify that the proteoglycan cell coat (glycocalyx) was
continuous around the primary cilium, the HA component of
the glycocalyx was stained. Cells were fixed in formalin and
stained with biotinylated hyaluronic acid binding protein (5
�g/ml; Merck, Nottingham, UK) for 3 h. Cells were washed,
and then streptavidin-FITC (2.5 �g/ml; �ex 490 nm, �em 523
nm) was added for 30 min before washing again.

CH exposure

The drug CH (Sigma-Aldrich) was used to disrupt or remove
primary cilia from MLO-A5 cells. Cells were exposed to
medium containing CH at final concentration of 4 mM (10
�l/ml of stock solution consisting of 0.4 M CH in distilled
water) for 24, 48, or 72 h, followed by a recovery period
whereby cells were washed once with PBS and cultured in
fresh medium containing no CH. Controls (CH 0) were
subjected to a medium change only. Cells were then fixed and
labeled with anti-acetylated �-tubulin either immediately or
after CH exposure or after 24, 48, or 72 h recovery in fresh
medium.

Application of OFF

Cells were cultured under static (no-flow) conditions or
subjected to OFF using a STR6 platform rocker (Stuart
Equipment, Stone, UK) with a maximum tilt angle of 6o.
Conditions for all OFF experiments were 2 ml of culture
medium/well with rocking at the maximum tilt angle at 0.75
Hz for 2 h/d. Two separate regimens were used for studying
the response of primary cilia to OFF, as shown in Fig. 1.
Regimen 1 was used to study primary cilia morphology in
response to successive sessions of OFF (d 3–7), and cells were
fixed and labeled with anti-acetylated �-tubulin for imaging 2
h after OFF at d 7. Regimen 2 was used to observe whether
primary cilia played a role in load-induced mineral deposition
of MLO-A5s. Cells were exposed to 4 mM CH for 0, 24, 48, or
72 h, followed by a recovery period of 24 h in fresh medium,
and then cells of each CH group were subjected to 2 sessions
of OFF on consecutive days (d 7–8) or statically cultured.
Medium samples were collected 2 h after the first session of

OFF on d 7 for PGE2 analysis, and then cells were assayed at
d 12 for calcium deposition.

Total DNA

To monitor any effects of OFF on cell number, Total DNA was
measured at d 7 of culture using a fluorescent Quant-iT
PicoGreen dsDNA reagent assay kit (Invitrogen Life Technol-
ogies, Paisley, UK). Briefly, cells were washed with PBS and
then covered with a known volume of a carbonate lysis buffer
solution before being scraped and pipetted into microtubes.
Samples were stored at 4°C for 24 h. Samples were freeze-
thawed 3 times before a known volume of cell lysate was
added to the provided Tris-buffered EDTA solution. The
Quant-iT PicoGreen reagent, which binds to the double-
stranded DNA in solution, was then added, and fluorescence
intensity was recorded using a FLx800 microplate fluores-
cence reader (BioTek, Potton, UK) using 485-nm excitation
and 520-nm emission. Total DNA was converted to ng DNA/
sample from a standard curve.

PGE2 release analysis

Cells subjected to OFF regimen 2 were incubated in fresh
medium for 2 h after the first bout of OFF before collection
of the medium. PGE2 release into the medium by MLO-A5
cells was determined using a PGE2 assay kit (Parameter; R&D
Systems, Abingdon, UK) following the manufacturer’s proto-
col. Briefly, the assay is based on the forward sequential
competitive binding technique in which PGE2 present in the
sample competes for horseradish peroxidase (HRP)-labeled
PGE2 for a limited number of binding sites on a mouse
monoclonal antibody. PGE2 in the sample was allowed to
bind to the antibody in the first incubation. During the
second incubation, HRP-labeled PGE2 bound to the remain-
ing antibody sites. Following a wash to remove unbound
material, a substrate solution was added to the wells to
determine bound enzyme activity. The color development
was stopped, and the absorbance was read at 405 nm (A405).
Color intensity was inversely proportional to the concentra-
tion of PGE2 in the sample.

Extracellular calcium deposition

Alizarin red S (AR) dye (Sigma-Aldrich) binds to Ca2� ions to
form a strong red complex and is an indicator of calcium
deposition in mineralizing cells and tissues. Samples were
fixed with 3.7% formaldehyde followed by diH2O washes to
remove any non-cell-produced calcium ions. AR solution
(5mg/ml, pH 4.1) was applied to fully cover each sample and
placed under mild shaking for 15 min at room temperature.
Excess dye was washed clear using diH2O, and samples were
allowed to air dry in a clean environment before qualitative
analysis. For quantitative analysis, samples were destained
with a known volume of 5% perchloric acid under mild
shaking for 15 min, resulting in a clear, dark yellow solution.
Absorption was measured at 405 nm using a 96 well micro-
plate reader (BioTek).

Statistical analysis

All experiments were performed with triplicate samples and
carried out 2 or 3 times. Primary cilia counts were performed
manually using Image Processing and Analysis in Java
(ImageJ) software (U.S. National Institutes of Health, Bethesda,
MD, USA). Statistical analysis was performed using GraphPad
Prism 5 software (GraphPad, San Diego, CA, USA) and

Figure 1. OFF experimental timelines. MLO-A5 cells cultured
in gelatin-coated 6-well plates were subjected to 2 separate
regimens on a rocking platform to study the effect of OFF on
primary cilia morphology (A) and the effect of primary cilia
removal on OFF-induced mineral deposition (B).
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comparisons between sample means for static- and OFF-
cultured cells were investigated using a Student’s unpaired t
test. All graphs are plotted as means � sd, and statistically
significant differences are marked. Values of P � 0.05 were
considered significant.

RESULTS

Primary cilia identification in MLO-A5 cells

To identify primary cilia in MLO-A5 cells and to confirm that
they extend from the cell into the extracellular environment,
MLO-A5s were labeled with anti-acetylated �-tubulin (Fig. 2)
due to cilia microtubules being abundantly acetylated. Acety-
lated �-tubulin-positive primary cilia were visualized as small
bright protrusions emanating from most cells (67.2�4%),
located close to the cell nucleus (Fig. 2A). The microtubule
network within the cell cytoplasm was also visualized, but
with less intensity, and was seen to be well organized and
surrounding the cell nucleus. Confocal images were col-
lected at different points in the z plane, and 3-dimensional
projections showed that primary cilia extended beyond the
apical cell surface (Fig. 2B) and were up to 8 �m in length.
Staining of the HA component of the cell glycocalyx showed

that the primary cilia membrane was continuous with the
cell membrane (Fig. 2B).

Damage and removal of primary cilia via CH exposure

CH was used to damage and remove primary cilia from
MLO-A5 cells by disrupting microtubules. Short-term
CH exposure (24 h) caused the microtubule network
within the cell to become disorganized; however, this
appeared to have reorganized and adopted its original
appearance after 24 h in fresh medium (Fig. 2C). This
was also the case for MLO-A5s exposed to CH for 48–72
h. Exposure to CH for 24 h resulted in a 33% reduction
in primary cilia and caused some primary cilia to
possess a structural impairment, such as a kink (Fig.
2C). As CH exposure time was increased, more primary
cilia were removed, and at 72 h exposure nearly 100%
had been removed (Fig. 2D). The longer the CH
exposure time, the longer it took for the number of
primary cilia to return to normal levels (CH 0 h;
Table 1), and after 72 h recovery time in fresh medium,
most cells possessed a primary cilium regardless of
duration of CH exposure.

Figure 2. MLO-A5 bone cells express primary cilia. MLO-A5s were stained with anti-acetylated �-tubulin to visualize primary cilia
(indicated by white arrowheads) and DAPI to indicate nuclei (blue; A, C, D) or biotinylated HA-binding protein (red; B). The
primary cilium was seen to protrude from the apical cell surface of MLO-A5 cells cultured in vitro (A, B). The microtubule
network within the cell was also visualized (green; A). The HA component of the glycocalyx was evident over the entire cell
membrane, including around the primary cilium (B). Exposure to CH for 24 h caused structural defects in primary cilia of
MLO-A5 cells, indicated by orange arrows (C), and disorganization of the cell microtubule network, but this recovered after 24
h. As the exposure time of MLO-A5 cells to CH increased from 0 to 72 h, a greater number of primary cilia were damaged or
removed (D), and the cilia of cells subjected to longer CH exposure also took longer to grow back to normal size when
recovering in fresh medium (white arrowheads are representative of relative number of primary cilia present).
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OFF regulation of MLO-A5 primary cilia

The application of OFF for 5 consecutive days affected
the number of primary cilia present in MLO-A5 cells, as
well as primary cilia morphology. At d 7, cells cultured
under static conditions generally appeared to have
longer, more defined primary cilia than those subjected
to OFF (Fig. 3A), which overall were less well defined
and more stub-like. OFF exposure significantly reduced
the number of cells expressing primary cilia by nearly
30% (Fig. 3C). There was no difference in total DNA
between statically cultured cells and cells subjected to
OFF at d 7 (Fig. 3B), suggesting that the observed
responses are not due to higher cell number or more
proliferating cells in the OFF group. This suggests that
primary cilia are responsive to OFF.

Primary cilia regulation of OFF-induced calcium
deposition

The cytokine PGE2, a regulator of bone metabolism, is
released in response to loading by bone cells in vivo and
in vitro, while extracellular mineral deposition, the
major inorganic component of bone, is also load-
dependent. To determine whether both of these OFF-
induced processes required primary cilia, MLO-A5s
were exposed to CH for 0–72 h, followed by 24 h in
fresh medium, before exposure to 2 sessions of OFF or
static culture. After one period of OFF, cells not
exposed to CH produced 3-fold more extracellular

PGE2 compared with statically cultured counterparts
(Fig. 4). Following the application of CH, no statisti-
cally significant differences were found in the level of
extracellular PGE2 between cells subjected to OFF or
their static counterparts. The application of OFF to
cells exposed to CH for 24 h resulted in 1.6-fold higher
PGE2 levels, while for cells exposed to CH for 48–72 h,
there was no effect of OFF.

At d 12 of culture, deposited calcium was significantly
higher for MLO-A5 cells with no CH exposure that had
been subjected to 2 sessions of OFF compared with
static counterparts (Fig. 5). However, cells exposed to
CH for 72 h showed no significant increase in the
amount of calcium deposited in response to OFF.
Deposited calcium for OFF-exposed cells treated with
CH for 0, 24, 48, and 72 h was 1.66, 1.44, 1.31, and 0.97
(respectively) times the level of their static counter-
parts. The amount of calcium produced in response to
OFF was reduced by 33% with CH 24 h, 50% with CH
48 h, and was completely removed with CH 72 h

TABLE 1. Percentage of cells with a primary cilium after varying
CH exposure and subsequent recovery in fresh medium for 24 and
48 h

Recovery time (h)

Chloral hydrate exposure time (h)

0 24 48 72

24 67 � 4 42 � 5 20 � 1 3 � 1
48 66 � 4 61 � 3 33 � 3 17 � 3

Total cells for each condition: n � 450, means � sd from 3
experimental repeats.

Figure 3. Fluid flow reduces the number of MLO-A5 cells expressing primary cilia. MLO-A5 cells were labeled with
anti-acetylated �-tubulin (green) and DAPI (nuclei; blue) after 7 d of culture under static conditions or 5 consecutive days (d
3–7) of OFF (A) and assayed for total DNA (B) and percentage of cells expressing cilia (C). Cells subjected to OFF appear to
have shorter primary cilia compared with statically cultured cells, indicated by arrowheads in insets (A). Data are means � sd
for n 	 6 for DNA (B) and n � 600 cells from 3 experimental repeats for percentage of cells with cilia (C). *P � 0.05.

Figure 4. Damage and removal of primary cilia affects the
ability of MLO-A5 cells to secrete PGE2 in response to OFF.
Cells were exposed to CH (0–72 h) and then allowed to
recover in fresh medium for 24 h before continued static
culture or 2 h of OFF treatment; cells were then cultured for
2 h in fresh medium before collecting media for PGE2
analysis. Data are means � sd (n	4–5). *P � 0.05 vs.
respective static sample.
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compared to cells exposed to no CH. Although for cells
exposed to 24 and 48 h CH, the effect of OFF on
calcium deposition was statistically significant, for cells
exposed to CH for 72 h, there was no significant
difference between OFF treatment and static control
treatment. AR staining showed that cells subjected to
OFF had a darker and more uniform stain than static
control samples, which were patchier, with the excep-
tion of cells exposed to CH for 72 h and OFF, which
also showed patchy staining. These results indicate that
primary cilia are required for OFF-induced calcium
deposition.

DISCUSSION

Mechanical sensitivity is essential for maintaining bone
homeostasis and physiological function. However, little
is known about the exact mechanisms by which me-
chanical forces regulate ECM production and resorp-
tion in bone cells. Numerous previous studies have
identified integrin signaling, the cytoskeleton, the gly-
cocalyx, and transmembrane ion channels all to be
involved in mechanosensation (4, 26–28). Recent evi-
dence from both in vitro (5, 10) and in vivo (29–31)
studies have suggested that the primary cilium is also a
key mechanosensor in bone. However, to our knowl-
edge, a direct link between the ability of the primary
cilium to detect fluid flow and in vitro matrix formation

by bone cells in response to flow has not previously
been established. Here we showed that an intact pri-
mary cilium is required for flow-induced deposition of
calcium matrix, indicating that the primary cilium
would indeed have a role in regulating mechanically
induced bone formation in an in vitro culture proce-
dure such as bone tissue engineering. After 2 sessions
of OFF, calcium deposition was increased compared
with static controls, and this flow-induced response was
reduced with increasing CH exposure time until it was
abolished with CH 72 h.

In this study, the application of OFF for 5 consecutive
days appeared to cause a reduction in the length of
primary cilia in MLO-A5 cells compared with statically
cultured primary cilia, which were longer and more
defined. In addition, fewer cilia per cell could be
visualized after these repeated bouts of OFF. It has
been proposed that the cilium adjusts its sensitivity to
the load it receives, either to avoid overloading or in
order to detect minor forces. Chondrocytes seeded in a
3D agarose culture model were subjected to cyclic
compressive strain, and chondrocyte primary cilia were
found to reduce in incidence and length compared
with free-swelling culture (19). In another study, freshly
harvested rat tail tendons were stress deprived and after
24 h demonstrated an increase in cilia length com-
pared with fresh controls (20). Stress-deprived tendons
were then subjected to 24 h of cyclic loading, and cilia
length returned to normal levels. Liu et al. (32) devel-
oped a model for fluid flow around an array of primary
cilia and calculated that the drag force and torque
experienced were significantly greater in a cilium of
8 �m length compared with one of 2.5 �m. These
results support the hypothesis that cilia can adjust
their length in order to regulate their mechanosen-
sitivity (33).

Correct function of the primary cilium relies on its
structural integrity, defects in this sensory mechanism
have been associated with a number of diseases, includ-
ing many cystic renal disease (34) and cancer (35), but
it may also play an important role in the development
of musculoskeletal diseases, such as osteoarthritis (36)
and osteoporosis (30). In this study, when the CH
exposure time was increased, more primary cilia were
damaged and completely removed. The partial inhibi-
tion of response with shorter durations of CH treat-
ment, which did not completely remove primary cilia,
indicates that structural integrity of the primary cilia is
essential for proper function.

Another possible mechanism by which primary cilia
are able to tune their sensitivity to the extracellular
environment is by altering their flexural rigidity in
response to load. One of the major differences between
microtubules within the cytoplasm and the primary
cilium is that ciliary microtubules undergo reversible
post-translational modifications, including acetylation
and phosphorylation (37). Microtubule-associated pro-
tein 1 (MAP1) has been shown to localize to the
axoneme of the cilium. The occurrence of MAPs is
known to coincide with acetylation and the binding of

Figure 5. Damage and removal of primary cilia affects the
ability of MLO-A5 cells to deposit calcium in response to OFF.
Cells were exposed to CH (0–72 h), and then allowed to
recover in fresh medium for 24 h before continued static
culture or 2-h bouts of OFF as indicated in Fig. 1B. Calcium
deposition was visualized by AR staining (field of view is entire
6-well plate) at d 12 and quantified by destaining and
colorimetry. Data are means � sd (n	9). *P � 0.05 vs.
respective static samples.
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MAPs has been shown to increase flexural rigidity of
microtubules as much as 8-fold (38). Recently, Geiger et
al. (39) demonstrated that physiological levels of cyclic
stretch in vivo and in vitro result in a significant increase
in acetylation of microtubules in a magnitude and
duration dependent manner, due to a decrease in
histone deacetylase 6 (HDAC6) activity.

For bone tissue engineering, understanding which
early time point signals correspond to downstream
matrix formation is a key step for monitoring the
production of a suitable bone construct for transplan-
tation. However, the relationships between early and
late responses to mechanical load remain unclear.
PGE2 is released by osteoblasts and osteocytes after
mechanical stimulation in vivo and in vitro with the
primary role of regulating bone metabolism (4). It is
not always easy to predict the long-term outcome of
secretion of PGE2, as it stimulates both bone formation
and resorption in vivo and osteoclasts and osteoblasts in
vitro (40). However, PGE2 does seem to consistently
stimulate osteoblast differentiation in vitro. Malone et
al. (10) observed that the load-induced increase in
extracellular PGE2 was abolished when primary cilia
formation was inhibited in both immature osteoblasts
(MC3T3-E1) and osteocytes (MLO-Y4). In this study,
PGE2 levels in the medium increased when MLO-A5
cells were subjected to OFF, and this response was
removed with the application of CH. While we did not
test whether the higher calcified matrix deposition
caused by fluid flow was directly mediated by PGE2, we
do show a strong similarity between the inhibition of
the PGE2 response (which can be detected a few hours
after flow) and the calcified matrix response which
takes several days to be detectable.

The relationship between the primary cilium and
other demonstrated mechanosensors, such as integrins,
and the cytoskeleton remains unclear. However, integ-
rin binding sites have been demonstrated on cilia (41)
and the cilium has also been shown to be necessary for
actin cytoskeleton reorganization in response to unidi-
rectional flow in endothelial cells (42). Here we show,
for the first time, that HA can be detected on the
region of the membrane surrounding the primary cilia;
this suggests that the cilia is coated by the same
glycocalyx that coats the rest of the cell membrane.
However, it is important to note that the GAG/PG layer
found on cells in vitro does not necessarily represent the
true in vivo thickness of the glycocalyx (43). The
glycocalyx is also a proposed mechanotransducer and
has been shown to play a sensory role in bone cells, as
well as other cell types (9, 44). Using laminar flow,
Morris et al. (9) induced FSS on mature bone cells,
causing an increase in collagen production, a response
that was absent on removal of HA. In an earlier study,
Reilly et al. (44) inhibited the ability of osteocyte-like
cells to up-regulate PGE2 release in response to flow by
removal of HA. This leads to interesting questions
about what effect removal of the cilia’s HA coat may
have on cilia-specific mechanosensory capabilities.

There may well be several other pathways by which
fluid-flow induced shear stress is transduced and mod-
ulated. When a cell is mechanically stimulated, pro-
nounced cytoskeletal alterations can occur, including
actin reorientation, microtubule polymerization/depo-
lymerization, and reorganization of focal adhesion
sites. It is thought that cytoskeletal reorganization is
partly undertaken to minimize cell internal stresses
caused by external stress (28) and this reorganization
has been shown to be dependent on the type, magni-
tude, and duration of the external stress. It has been
shown that steady flow applied to osteoblasts results in
reorganization of the actin fiber network; however, this
did not appear to occur with the application of OFF
(28). This is consistent with the possibility that oscilla-
tory fluid shear stress may stimulate different mecha-
notransduction pathways from steady/dynamic fluid
shear stress. It is likely that multiple mechanosensation
mechanisms are present in bone cells and that these
mechanisms are activated at different levels of stimulus.
Multiple response mechanisms would be advantageous
in terms of biological redundancy or may be associated
with distinct mechanically regulated functions, such as
turnover or repair.

Understanding which signals correspond to down-
stream matrix formation is a key step for controlling
the production of a suitable construct for transplanta-
tion. Cultured kidney cells exposed to fluid flow
showed a primary cilium dependent extracellular Ca2�-
dependent intracellular Ca2� release (18). This cilium-
mediated Ca2� entry also required the stretch-activated
ion channel polycystin 2 (45). In bone cells, flow-
induced Ca2� flux was shown to be independent of
primary cilia (10), and inhibition of polcystin 2 also did
not remove the flow-induced flux of Ca2�; however,
cyclic adenosine monophosphate (cAMP) production
in response to flow was cilia dependant (46). Interest-
ingly, polycystin 1-knockout mice exhibited a reduced
ability to respond with increased bone formation to an
external mechanical force, and osteoblasts from these
mice did have a reduced ability to respond to fluid flow
in vitro with an intracellular Ca2� signal (47). In
chondrocytes, the primary cilium is required for com-
pression-induced Ca2� signaling mediated by ATP re-
lease, but while cilia were not shown to be the initial
mechanoreceptors, they were required for downstream
ATP reception (19). These findings suggest that differ-
ent cell types contain distinctly different mechanisms
that are responsible for cilium-mediated mechanosen-
sation.

Most of the work to date concerning the primary
cilium and its role as a mechanosensor has focused on
mature/differentiated cells. However, human MSCs
(hMSCs) and osteogenic progenitor cells, commonly
advocated as potential autologous cell sources for bone
tissue engineering, also possess a primary cilium (48,
49). A recent study by Hoey et al. (50) suggests that
increases in short-term osteogenic responses of human
bone marrow MSCs (hbMSCs) to OFF are also depen-
dent on a fully functioning primary cilium. We used an
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osteoblastic cell line MLO-A5 for these studies due to
the ability of these cells to rapidly form bone matrix in
vitro (23); however, in all the in vitro systems we have
tested either primary hMSCs or human embryonic
mesenchymal progenitors have responded to mechan-
ical load in the same way as MLO-A5s, albeit with less
matrix formation at the same time-points (6, 22, 51). It
has also been shown that bone cell sensitivity to me-
chanical forces is dependent on the stage of bone cell
maturity (i.e., immature-mature osteoblast or imma-
ture-mature osteocyte; refs. 52, 53), and often osteo-
genic progenitor cells do not respond to mechanical
forces without the presence of differentiation medium
(54). Addressing the role that primary cilia play at
different stages of cell differentiation, including undif-
ferentiated progenitor cells, immature osteoblastic
cells, and fully differentiated osteocytes would be an
interesting target of future studies.

The ultimate aim of bone tissue engineering is to
control osteogenic cell differentiation and to produce
sufficient amounts of organized load-bearing mineral-
ized matrix in a short amount of time. These experi-
ments were performed in monolayer whereas in vitro
bone formation/tissue engineering strategies usually
involve seeding cells in porous scaffolds. However, in a
scaffold with relatively large pores, cells attach to the
strut walls in a similar way to their attachment to a 2D
surface (9, 55). These similarities mean that the regions
of the cell shielded and exposed to flow will probably
also be similar, and therefore responses to flow within
this rocking-well environment could provide informa-
tion on the optimization of flow conditions for 3D
porous scaffolds in flow bioreactors. In addition to this,
while the primary aim of this study was to examine the
role of the primary cilia in in vitro bone-like tissue
formation, studies such as this provide potential targets
for in vivo investigation of mechanically induced bone
formation. The relationship between the cell’s ECM
and surrounding fluid differs in a monolayer environ-
ment compared with that of the 3D in vivo environ-
ment; given that the space between the cell membrane
and the bone matrix for an osteocyte in vivo is very
small and filled with proteoglycans, an osteocyte’s pri-
mary cilia may not be able to deflect in response to flow
in the way that it can in a flow chamber or rocking
culture dish. It has been observed ex vivo that primary
cilia project into the ECM of a variety of musculoskel-
etal tissues (56), where they have also been shown to
interact with the ECM proteins in cartilage (57), as well
as adopting an orientation parallel to the collagen
fibrils in tendon (58). Similar circumstances may occur
in bone, whereby integrins on the primary cilia may
sense deformations of the ECM and convert these into
biological signals.

Although it is not yet known whether it is a flow-
mediated effect, there is certainly mounting evidence
that the primary cilia are involved in the mechanore-
sponsiveness of bone in vivo and may therefore be a
mediator of skeletal homeostasis (59). Temiyasathit et
al. (30), showed that the response of bone formation to

load was reduced in Kif3a-knockout mice, while Qui et
al. (31) observed reduced bone mineral density and
development of osteopenia in Kif3a-null mice. Kif3a is
an essential subunit of the kinesin II IFT motor protein,
and its absence causes disruption of IFT and so disrup-
tion of formation, maintenance, and function of pri-
mary cilia (30). Deletion of Kif3a in mouse preosteo-
blasts around an intraosseous implant resulted in a
failure of the mice to produce and organize collagen in
response to load (29).

CONCLUSIONS

Understanding the mechanisms behind how a cell
senses a mechanical force and converts this into a
biological response is important for tissue engineering
strategies involving the use of mechanical stimulation.
Identifying the pathways involved in mechanotransduc-
tion responses of bone will also aid research into
fracture healing, osseointegration, and clinical treat-
ments of bone disorders where it is still unclear what
the optimal mechanical loading and exercise regimens
are. The present study showed that bone cell primary
cilia adjust their morphology in response to OFF in an
apparent attempt to alter sensitivity to loading. Miner-
alized matrix deposition is the end stage of bone cell
differentiation, and the primary cilium seems to play an
essential role in load-induced bone matrix formation.
The evidence presented here for primary cilia as a
mechanosensor in bone cells highlights that they
could be targeted for optimizing loading regimes and
controlling the subsequent production of in vitro
bone matrix and may inform clinical treatments of
bone disorders caused by dysfunctional responses to
loading.

The authors thank the Engineering and Physical Sciences
Research Council (EPSRC) and the University of Sheffield
Women Academic Returners Programme for funding pro-
vided to G.R. for R.M.D.-S. Part of the imaging was performed
at the Kroto Research Institute Confocal Imaging Facility.
Prof. Lynda Bonewald (University of Missouri, Kansas City,
MO, USA) kindly provided the MLO-A5 cells. Preliminary
data (not shown) were gathered and technical training was
undertaken by A.S. at Stanford University (Stanford, CA,
USA) in the laboratory of Dr. Christopher Jacobs with fund-
ing from the University of Sheffield Excellence Exchange
Scheme and the Royal Thai Government. The authors also
thank Dr. Jacobs (currently at Columbia University, New
York, NY, USA) for helpful discussions. G.R. is currently a
member of the Insigneo Institute for In Silico Medicine
(University of Sheffield). The authors declare no conflicts of
interest.

REFERENCES

1. Jacobs, C. R., Yellowley, C. E., Davis, B. R., Zhou, Z., Cimbala,
J. M., and Donahue, H. J. (1998) Differential effect of steady
versus oscillating flow on bone cells. J. Biomech. 31, 969–976

2. Weinbaum, S., Cowin, S. C., and Zeng, Y. (1994) A model for the
excitation of osteocytes by mechanical loading-induced bone
fluid shear stresses. J. Biomech. 27, 339–360

437OSTEOBLASTIC PRIMARY CILIA RESPOND TO FLUID FLOW



3. Donahue, T. L. H., Haut, T. R., Yellowley, C. E., Donahue, H. J.,
and Jacobs, C. R. (2003) Mechanosensitivity of bone cells to
oscillating fluid flow induced shear stress may be modulated
by chemotransport. J. Biomech. 36, 1363–1371

4. You, J., Reilly, G. C., Zhen, X. C., Yellowley, C. E., Chen, Q.,
Donahue, H. J., and Jacobs, C. R. (2001) Osteopontin gene
regulation by oscillatory fluid flow via intracellular calcium
mobilization and activation of mitogen-activated protein kinase
in MC3T3-E1 osteoblasts. J. Biol. Chem. 276, 13365–13371

5. Hoey, D. A., Kelly, D. J., and Jacobs, C. R. (2011) A role for the
primary cilium in paracrine signaling between mechanically
stimulated osteocytes and mesenchymal stem cells. Biochem.
Biophys. Res. Commun. 412, 182–187

6. Delaine-Smith, R. M., Macneil, S., and Reilly, G. C. (2012)
Matrix production and collagen structure are enhanced in two
types of osteogenic progenitor cells by a simple fluid shear
stress stimulus. Eur. Cell. Mater. 24, 162–174

7. Iqbal, J., and Zaidi, M. (2005) Molecular regulation of mecha-
notransduction. Biochem. Biophys. Res. Commun. 328, 751–755

8. Liedert, A., Claes, L., and Ignatius, A. (2008) Signal transduc-
tion pathways involved in mechanotransduction in osteoblastic
and mesenchymal stem cells. In Mechanosensitive Ion channels:
Mechanosensitivity in Cells and Tissues, Vol. 1 (Kamkin, A., and
Kiseleva, I., eds) pp. 253–265, Springer, Netherlands.

9. Morris, H. L., Reed, C. I., Haycock, J. W., and Reilly, G. C.
(2010) Mechanisms of fluid-flow-induced matrix production in
bone tissue engineering. P. I. Mech. Eng. H. 224(H12), 1509–
1521

10. Malone, A. M. D., Anderson, C. T., Tummala, P., Kwon, R. Y.,
Johnston, T. R., Stearns, T., and Jacobs, C. R. (2007) Primary
cilia mediate mechanosensing in bone cells by a calcium-
independent mechanism. Proc. Natl. Acad. Sci. U. S. A. 104,
13325–13330

11. Hoey, D. A., Downs, M. E., and Jacobs, C. R. (2012) The
mechanics of the primary cilium: an intricate structure with
complex function. J. Biomech. 45, 17–26

12. Wheatley, D. N., Wang, A. M., and Strugnell, G. E. (1996)
Expression of primary cilia in mammalian cells. Cell Biol. Int.
Rep. 20, 73–81

13. Pitaval, A., Tseng, Q., Bornens, M., and Thery, M. (2010) Cell
shape and contractility regulate ciliogenesis in cellcycle-ar-
rested cells. J. Cell Biol. 191, 303–312

14. Satir, P., Pedersen, L.B., and Christensen, S. T. (2010) The
primary cilium at a glance. J. Cell Sci. 123 (Pt 4), 499–503

15. Abdul-Majeed, S., and Nauli, S. M. (2011) Dopamine receptor
type 5 in the primary cilia has dual chemo- and mechano-
sensory roles. Hypertension 58, 325–331

16. Masyuk, A. I., Gradilone, S. A., Banales, J. M., Huang, B. Q.,
Masyuk, T. V., Lee, S. O., Splinter, P. L., Stroope, A. J., and
Larusso, N. F. (2008) Cholangiocyte primary cilia are chemo-
sensory organelles that detect biliary nucleotides via P2Y12
purinergic receptors. Am. J. Physiol. Gastrointest. Liver Physiol.
295, G725–G734

17. Prodromou, N. V., Thompson, C. L., Osborn, D. P., Cogger,
K. F., Ashworth, R., Knight, M. M., Beales, P. L., and Chapple,
J. P. (2012) Heat shock induces rapid resorption of pri-
mary cilia. J. Cell Sci. 125(Pt. 18), 4297–4305

18. Praetorius, H. A., and Spring, K. R. (2003) Removal of MDCK
cell primary cilium abolishes flow sensing. J. Membr. Biol. 191,
69–76

19. Wann, A. K. T., Zuo, N., Haycraft, C. J., Jensen, C. G., Poole,
C. A., McGlashan, S. R., and Knight, M. M. (2012) Primary cilia
mediate mechanotransduction through control of ATP-induced
Ca2� signaling in compressed chondrocytes. FASEB J. 26,
1663–1671

20. McGlashan, S. R., Knight, M. M., Chowdhury, T. T., Joshi, P.,
Jensen, C. G., Kennedy, S., and Poole, C. A. (2010) Mechanical
loading modulates chondrocyte primary cilia incidence
and length. Cell Biol. Int. 34, 441–446

21. Gardner, K., Arnoczky, S. P., and Lavagnino, M. (2011) Effect of
in vitro stress-deprevation and cyclic loading on the length of
tendon cell cilia in situ. J. Orthop. Res. 29, 582–587

22. Sittichockechaiwut, A., Scutt, A. M., Ryan, A. J., Bonewald, L. F.,
and Reilly, G. C. (2009) Use of rapidly mineralising osteoblasts
and short periods of mechanical loading to accelerate matrix
maturation in 3D scaffolds. Bone 44, 822–829

23. Kato, Y., Boskey, K., Spevak, L., Dallas, M., Hori, M., and
Bonewald, L. F. (2001) Establishment of an osteoid preosteo-
cyte-like cell MLO-A5 that spontaneously mineralizes in culture.
J. Bone Miner. Res. 16, 1622–1633

24. Yoder, B. K., Tousson, A., Millican, L., Wu, J. H., Bugg, C. E., Jr.,
Schafer, J. A., and Balkovetz, D. F. (2002) Polaris, a protein
disrupted in orpk mutant mice, is required for assembly of
renal cilium. Am. J. Physiol. Renal Physiol. 282, F541–F552

25. Rydholm, S., Zwartz, G., Kowalewski, J. M., Kamali-Zare, P.,
Frisk, T., and Brismar, H. (2010) Mechanical properties of
primary cilia regulate the response to fluid flow. Am. J. Physiol.
Renal Physiol. 298, F1096–F1102

26. Orr, A. W., Helmke, B. P., Blackman, B. R., and Schwartz, M. A.
(2006) Mechanisms of mechanotransduction. Dev. Cell. 10,
11–20

27. Weinbaum, S., Tarbell, J. M., and Damiano, E. R. (2007) The
structure and function of the endothelial glycocalyx layer. Annu.
Rev. Biomed. Eng. 9, 121–167

28. Malone, A. M., Batra, N. N., Shivaram, G., Kwon, R. Y., You, L.,
Kim, C. H., Rodriguez, J., Jair, K., and Jacobs, C. R. (2007) The
role of actin cytoskeleton in oscillatory fluid flow-induced
signaling in MC3T3-E1 osteoblasts. Am. J. Physiol. Cell. Physiol.
292, C1830–C1836

29. Leucht, P., Monica, S. D., Temiyasathit, S., Lenton, K., Manu, A.,
Longaker, M. T., Jacobs, C. R., Spikler, R. L., Guo, H., Brunski,
J. B., and Helms, J. A. (2013) Primary cilia act as mechanosen-
sors during bone healing around an implant. Med. Eng. Phys. 35,
392–402

30. Temiyasathit, S., Tang, W. J., Leucht, P., Anderson, C. T.,
Monica, S. D., Castillo, A. B., Helms, J. A., Sterans, T., and
Jacobs, C. R. (2012) Mechanosensing by the primary cilium:
deletion of kif3A reduces bone formation due to loading. PLoS
One 7, e33368

31. Qiu, N., Xiao, Z. S., Cao, L., Buechel, M. M., David, V., Roan, E.,
and Quarles, L. D. (2012) Disruption of kif3a in osteoblasts
results in defective bone formation and osteopenia. J. Cell Sci.
125, 1945–1957

32. Liu, W., Xu, S. Y., Woda, C., Kim, P., Weinbaum, S., and
Satlin, L. M. (2003) Effect of flow and stretch on the
[Ca(2�)](i) response of principal and intercalated cells in
cortical collecting duct. Am. J. Physiol. Renal Physiol. 285,
F998 –F1012

33. Besschetnova, T. Y., Kolpakova-Hart, E., Guan, Y., Zhou, J.,
Olsen, B. R., and Shah, J. V. (2010) Identification of signaling
pathways regulating primary cilium length and flow-medi-
ated adaptation. Curr. Biol. 20, 182–187

34. Yoder, B. K., Hou, X. Y., and Guay-Woodford, L. M. (2002) The
polycystic kidney disease proteins, polycystin-1, polycystin-2,
polaris, and cystin, are co-localized in renal cilia. J. Am. Soc.
Nephrol. 13, 2508–2516

35. Wong, S. Y., Seol, A. D., So, P., Ermilov, A. N., Bichakjian, C. K.,
Epstein E.H., Jr., Dlugosz, A. A., and Reiter, J. F. (2009) Primary
cilia can both mediate and suppress hedgehog pathway-depen-
dent tumorigenesis. Nat. Med. 15, 1055–1061

36. Wann, A. K., and Knight, M. M. (2012) Primary cilia elongation
in response to interleukin-1 mediates the inflammatory re-
sponse. Cell. Mol. Life Sci. 69, 2967–2977

37. Westermann, S., and Weber, K. (2003) Post-translational modi-
fications regulate microtubule function. Nat. Rev. Mol. Cell. Biol.
4, 938–947

38. Felgner, H., Frank, R., and Schliwa, M. (1996) Flexural rigidity
of microtubules measured with the use of optical tweezers. J. Cell
Sci. 109, 509–516

39. Geiger, R. C., Kaufman, C. D., Lam, A. P., Budinger, G. R. S.,
and Dean, D. A. (2009) Tubulin acetylation and histone
deacetylase 6 activity in the lung under cyclic load. Am. J. Respir.
Cell Mol. Biol. 40, 76–82

40. Blackwell, K. A., Raisz, L. G., and Pilbeam, C. C. (2010)
Prostaglandins in bone: bad cop, good cop? Trends in
endocrinology and metabolism. Trends Endocrinol. Metab. 21,
294 –301

41. McGlashan, S. R., Jensen, C. G., and Poole, C. A. (2006)
Localization of extracellular matrix receptors on the chon-
drocyte primary cilium. J. Histochem. Cytochem. 54, 1005–1014

42. Abdul-Majeed, S., Moloney, B., and Nauli, S. (2012) Mecha-
nisms regulating cilia growth and cilia function in endothe-
lial cells. Cell. Mol. Life Sci. 69, 165–173

438 Vol. 28 January 2014 DELAINE-SMITH ET AL.The FASEB Journal � www.fasebj.org

www.fasebj.org


43. Potter, D. R., and Damiano, E. R. (2008) The hydrodynamically
relevant endothelial cell glycocalyx observed in vivo is absent
in vitro. Circ. Res. 102, 770–776

44. Reilly, G. C., Haut, T. R., Yellowley, C. E., Donahue, H. J., and
Jacobs, C. R. (2003) Fluid flow induced PGE(2) release by bone
cells is reduced by glycocalyx degradation whereas calcium
signals are not. Biorheology 40, 591–603

45. Nauli, S. M., Alenghat, F. J., Luo, Y., Williams, E., Vassilev, P., Li,
X., Elia, A. E., Lu, W., Brown, E. M., Quinn, S. J., Ingber, D. E.,
and Zhou, J. (2003) Polycystins 1 and 2 mediate mechanosen-
sation in the primary cilium of kidney cells. Nat. Genet. 33,
129–137

46. Kwon, R. Y., Temiyasathit, S., Tummala, P., Quah, C. C., and
Jacobs, C. R. (2010) Primary cilium-dependent mechanosensing
is mediated by adenylyl cyclase 6 and cyclic AMP in bone cells.
FASEB J. 24, 2859–2868

47. Xiao, Z., Dallas, M., Qui, N., Nicolella, D., Cao, L., Johnson, M.,
Bonewald, L., and Quarles, L. D. (2011) Conditional deletion of
Pkd1 in osteocytes disrupts skeletal mechanosensing in mice.
FASEB J. 25, 2418–2432

48. Delaine-Smith, R. M., and Reilly, G. C. (2012) Mesenchymal
stem cell responses to mechanical stimuli. Muscle Ligaments
Tendons J. 2, 169–180

49. Tummala, P., Arnsdorf, E. J., and Jacobs, C. R. (2010) The role
of the primary cilia in mesenchymal stem cell differentiation: A
pivotal switch in guiding lineage commitment. Cell. Mol. Bioeng.
3, 207–212

50. Hoey, D. A., Tormey, S., Ramcharan, S., O’Brien, F. J., and Jacobs,
C. R. (2012) Primary cilia mediated mechanotransduction in human
mesenchymal stem cells. Stem Cells 30, 2561–2570

51. Sittichokechaiwut, A., Edwards, J. H., Scutt, A. M., and Reilly,
G. C. (2010) Short bouts of mechanical loading are as

effective as dexamethasone at inducing matrix production by
human bone marrow mesenchymal stem cells. Eur. Cell.
Mater. 20, 45–57

52. Mikuni-Takagaki, Y., Suzuki, Y., Kawase, T., and Saito, S. (1996)
Distinct responses of different populations of bone cells to
mechanical stress. Endocrinology. 137, 2028–2035

53. Ponik, S. M., Triplett, J. W., and Pavalko, F. M. (2007)
Osteoblasts and osteocytes respond differently to oscillatory
and unidirectional fluid flow profiles. J. Cell. Biochem. 100,
794 –807

54. Delaine-Smith, R. M., and Reilly, G. C. (2011) The effects of
mechanical loading on mesenchymal stem cell differentiation
and matrix production. Vitam. Horm. 87, 417–480

55. Reilly, G. C., and Engler, A. J. (2010) Intrinsic extracellular
matrix properties regulate stem cell differentiation. J. Biomech.
43, 55–62

56. Farnum, C. E., Williams, R. M., and Donnelly, E. (2009)
Analyzing primary cilia by multiphoton microscopy. Methods Cell
Biol. 94, 117–135

57. Jensen, C. G., Poole, C. A., McGlashan, S. R., Marko, M., Issa,
Z. I., Vujcich, K. V., and Bowser, S. S. (2004) Ultrastructural,
tomographic and confocal imaging of the chondrocyte primary
cilium in situ. Cell Biol. Int. 28, 101–110

58. Donnelly, E., Ascenzi, M. G., and Farnum, C. (2010) Primary
cilia are highly orienated with respect to collagen direction
and long axis of extensor tendon. J. Orthop. Res. 28, 77–
82

59. Lee, K., Hoey, D., and Jacobs, C. R. (2010) Primary cilia-
mediated mechanotransduction in bone. Clin. Rev. Bone Miner.
Metab. 8, 201–212

Received for publication August 2, 2013.
Accepted for publication September 24, 2013.

439OSTEOBLASTIC PRIMARY CILIA RESPOND TO FLUID FLOW


