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Fluid Flow Induces Rankl Expression in Primary
Murine Calvarial Osteoblasts
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Abstract Mechanical loadingof bonegenerates fluidflowwithin themineralizedmatrix that exerts fluid shear stress
(FSS) on cells. We examined effects of FSS on receptor activator of nuclear factor k B ligand (RANKL), a critical factor for
osteoclast formation. Primary murine osteoblasts were subjected to pulsatile FSS (5 Hz, 10 dynes/cm2) for 1 h and then
returned to static culture for varying times (post-FSS). Protein levels were measured by Western analysis and mRNA by
Northern analysis, RT-PCR and quantitative PCR. Therewere 20- to 40-fold increases in RANKLmRNAat 2–4 h post-FSS.
RANKL protein was induced by 2 h post-FSS and remained elevated for at least 8 h. Effects were independent of
cyclooxygenase-2 activity. Small increases (up to three-fold) in mRNA of the decoy receptor for RANKL, osteoprotegerin,
were seen. Five min of FSS, followed by static culture, was as effective in stimulating RANKL mRNA as 4 h of continuous
FSS. FSS induced cAMP activity, andH-89, a protein kinase A (PKA) inhibitor, blocked the FSS induction of RANKL. H-89
also inhibited the PKC pathway, but specific PKC inhibitors, GF109203X and Go6983, did not inhibit FSS-induced
RANKL. FSS induced phosphorylation of ERK1/2, and PD98059, an inhibitor of the ERK pathway, inhibited the FSS
induction of RANKLmRNA 60%–90%. Thus, brief exposure to FSS resulted in sustained induction of RANKL expression
after stopping FSS, and this induction was dependent on PKA and ERK signaling pathways. Increased RANKL
after mechanical loading may play a role in initiating bone remodeling. J. Cell. Biochem. 98: 1271–1283, 2006.
� 2006 Wiley-Liss, Inc.
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Interactions between signals controlling
bone-forming cells (osteoblasts) and bone-
resorbing cells (osteoclasts) are ultimately
responsible for the adaptive response of the
skeleton to its environment. Bone remodeling,
cycles of resorption followed by formation in
focal remodeling units, occurs throughout life,
and thenet result of these cycles is an important
determinant of whether bone is lost or not.
Although remodeling is initiated by resorption,
it is dependent on signals from cells of the
osteoblast lineage. The discovery of receptor
activator of nuclear factor-kB ligand (RANKL)

elucidated themechanismbywhich osteoblastic
cells can regulate osteoclast differentiation
[Wong et al., 1997; Lacey et al., 1998; Yasuda
et al., 1998a].Osteoblastic cells expressRANKL
in response to factors that stimulate resorption,
and RANKL can bind to its receptor RANK, on
osteoclast precursors, causing them to differ-
entiate intomultinuclear, bone-resorbing osteo-
clasts [Suda et al., 1999]. The RANK/RANKL
interaction can occur via membrane-bound
RANKL (cell-to-cell) or via soluble RANKL.
The actions of RANKL are inhibited by osteo-
protegerin (OPG), a decoy receptor for RANKL
[Yasuda et al., 1998b]. The ratio of RANKL to
OPGexpressionbyosteoblasts is believed to bea
key determinant of osteoclastogenic activity.

Mechanical loading of bone is essential for
maintaining bone mass and integrity. Bone is a
dynamic tissue that adapts tomechanical stress
with changes inmass and structure to achieve a
better balance between stress and load bearing
capacity. External forces applied to bone result
in small deformations, or strains, in the bone
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matrix that are converted into intracellular
signals in mechanosensitive cells, and these
signals are communicated to non-mechanosen-
sitive cells in order to produce a coordinated
response [Turner and Pavalko, 1998]. How
mechanical loading is coupled to cellular
responses in bone and which cells are involved
is still debated. However, there is general
agreement that interstitial fluid flow in the
interconnecting network of osteocytes, end
stage cells in the osteoblastic differentiation
pathway that are trapped within the miner-
alizedmatrix, is likely to play an important role
[Hillsley andFrangos, 1993; Turner et al., 1994;
Knothe et al., 1998; Burger and Klein-Nulend,
1999; Srinivasan and Gross, 2000; Smit et al.,
2002]. Fluid flow generates fluid shear stress
(FSS) that deforms cell surfaces and is modeled
in vitro by subjecting cells plated on fixed
surfaces to cyclic laminar fluid flow. Another
possibility is that lining osteoblasts residing on
endosteal and periosteal bone surfaces are
deformed as these surfaces undergo deforma-
tion during the bending of long bones. This is
modeled by growing cells on flexible substrates
and subjecting the substrates to cyclic stretch-
ing. Hence, mechanical loading in vivo may
subject osteoblastic cells at different differen-
tiation stages to different types of cellular
deformation and stimulate different signaling
pathways [Mullender et al., 2004].

RANKL expression in bone cells has been
shown to be regulated by deforming the sub-
strate on which the cells are grown. Several
studies in murine marrow cultures, which
contain precursors for both osteoblasts and
osteoclasts, and in murine marrow stromal
cells, which contain largely osteoblastic precur-
sors, have reported that cyclic stretching of the
substrate can decrease the ability of a RANKL
agonist, 1,25(OH)2D3, to stimulate RANKL
expression and to stimulate osteoclast forma-
tion. [Rubin et al., 2000, 2002, 2003]. This effect
was dependent on ERK phosphorylation. Basal
RANKL mRNA expression was found to be
decreased by cyclic tensile strain in human
osteoblasts [Kusumi et al., 2005]. On the other
hand, there was a trend for RANKL protein
levels to increase when human osteosarcoma
MG-63 cells were loaded by cyclic 3-point
bending of their substrate [Saunders et al.,
2005].

We examined the effect of pulsatile FSS on
basal RANKL expression in primary murine

osteoblasts plated on collagen-coated slides.
Because in vivo studies suggest that only a
short duration of mechanical loading is neces-
sary to initiate an adaptive response [Umemura
et al., 1997;Turner, 1998; Rubin et al., 2001], we
examined the response in cells replaced in static
culture after brief application of FSS. FSS
markedly elevated RANKL expression. In con-
trast to the large effects on RANKL, there were
only small increases in mRNA for OPG, which
can oppose the effects of RANKL. The induction
of RANKL was dependent on both the PKA and
ERK signaling pathways. Increased RANKL
after mechanical loading may play a role in
initiating bone remodeling.

MATERIALS AND METHODS

Materials

Murine RANKL and OPG cDNA was a kind
gift from Dr. D Anderson (Amgen, Inc., Seattle,
WA). Murine COX-2 cDNA was the kind gift of
Dr. Harvey Herschman (University of Califor-
nia, Los Angeles, CA). cDNA for glyceral-
dehyde phosphate dehydrogenase (GAPDH)
was obtained by PCR using a control amplifier
set fromClontech (Palto Alto, CA). GF109203X,
H-89, HA-1004, KT-5720, and PD98059 were
purchased from BIOMOL (Plymouth Meeting,
PA). All other chemicals were from Sigma
(St. Louis, MO). The anti-rabbit RANKL anti-
body was from Santa Cruz Biotechnology
(Santa Cruz, CA). Total ERK 1/2 and phos-
phorylated ERK 1/2 antibodies were from Cell
Signaling Technology (Beverly, MA).

Fluid Flow Chamber

Theparallel platefluid chamberwasdesigned
by M.A.F. Epstein and D.R. Peterson [Epstein
et al., 1995; Peterson, 1995] and its use has been
previously described [Wadhwa et al., 2002a].
This chamber generates a uniform flow field in
which magnitude and direction of the velocity
vector are constant under steady flow condi-
tions. The apparatus has a test area of 13.5 cm
by 8.5 cm, which can accommodate four stan-
dard microscope slides (75 mm� 25 mm). The
flow medium was Dulbecco’s modified Eagle’s
medium without phenol red (DMEM, Sigma)
containing 1% heat-inactivated fetal calf serum
(FCS, Gibco BRL, Grand Island, NY). The flow
medium was maintained at 378C. A gassing
system saturated the medium with 5% CO2.
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Cell Culture

To make primary osteoblastic cells, calvariae
were excised from neonatal mice, dissected free
of loose connective tissue and washed with
phosphate-buffered saline (PBS). All animal
protocols were approved by the Animal Care
and Use Committees of the University of
Connecticut Health Center. Calvariae were
then treated with crude collagenase P (Roche
Diagnostic Corporation, Indianapolis, IN) and
trypsin at 378C for 10min to release fractions 1–
4 and for 60 min to release fraction 5. Released
cells were removed and the reaction was
stopped with DMEMþ 10% FCS. A single cell
suspension was formed by filtering the cells
through a nitex membrane. Populations 2–5
were pooled and cells were grown to confluence
in phenol-red free DMEM with 10% heat-
inactivated FCS, penicillin (100 U/ml) and
streptomycin (50 mg/ml) before replating for
experiments. For experiments, cellswereplated
on Type I collagen coated (rat-tail collagen;
Collaborative Biomedical Products, Bedford,
MA) glass slides at 5,000/cm2 in the same
medium as above and grown to near confluence
over 4–6 days at 378C in a humidified atmo-
sphere of 5% CO2 in air. Slides were coated
according to the manufacturer’s instructions
with 5 mg/cm2 collagen. To avoid the effects of
fresh serum on gene induction, the medium
used in the FSS apparatus and for post-FSS
culture had reduced FCS (1% FCS). Cells were
changed to this medium 30 min before FSS. All
experiments after the initial one were per-
formed in the presence of NS398 (0.1 mM), a
selective inhibitor of COX-2 activity. Cells were
pretreated with NS-398 or other inhibitors for
30 min. NS-398 and the other inhibitors were
present during FSS and throughout the post-
FSS culture period.Concentration of the vehicle
for the inhibitors was 0.1% or less in both
treated and control cultures.

Extraction of RNA and Northern Blot Analysis

Total RNA was extracted using Tri-Reagent
(Molecular Research Center, Cincinnati, OH)
following the manufacturer’s instructions.
Twenty micrograms of total RNA was run on a
1% agarose, 2.2 M formaldehyde gel, trans-
ferred to a nylon membrane by capillary
pressure and fixed to the membrane by UV
irradiation. After 4 h of prehybridization in a
50% formamide solution at 428C, filters were

hybridized overnight in a similar solution in
rotating cylinders at the same temperature
with a random [32P]deoxycytocine triphosphate
(dCTP)-labeled cDNA probes. Filters were
washed once in a 1� SSC, 1% sodium dodecyl
sulfate (SDS) solution at room temperature,
once in 0.1� SSC, 0.1% SDS solution at 658C
and three more times in the latter solution at
room temperature. After washing, the filters
were exposed to Kodak Biomax MR film (East-
man Kodak Co., Rochester, NY) at �708C.
Bands were scanned into the computer and
the band intensity was quantitated by the
National Institutes of Health (NIH) Image
1.61 software (free software available from the
NIH).

RT-PCR Analysis

Two-five mg of total RNA was converted to
cDNA by M-MLV reverse transcriptase and
random hexamer (Invitrogen, Carlsbad, CA)
following company recommended protocol. Ali-
quots of RT mixture were used for PCR, which
was done in a thermal cycler (GeneAmp PCR
System, Perkin Elmer, Wellesley, MA) using
gene-specific PCR primers and Taq polymerase
(Invitrogen). The temperature cycling was as
follows: initial denaturation at 948C for 3 min;
denaturation at 948C for 45 s, primer annealing
at 658C for 45 s, and extension at 728C for 2 min
for 10 cycles. In subsequent cycles, the primer
annealing temperature was decreased stepwise
(step-down method), by 58C, every 5 cycles.
After the last cycle, the mixture was incubated
at 728C for 5 min. For RANKL and OPG the
number of cycles was 30 while for 18S it was 26.
Specific primer sets were designed from pub-
lished cDNA sequences: murine RANKL: anti-
sense 50GGGAATTACAAAGTGCACCAG30;
sense50GGTCGGG-CAATTCTGAATT30),murine
OPG: antisense 50TCAAGTGCTTGAGGGCA-
TAC30; sense 50TGGAGATCGAATTCTGCTT-
G30), murine 18S: antisense 50CATGTGGTGT-
TGAGGAAAG30; sense 50GCCCAGAGACTC-
ATTTCTT30. The amplified samples were run
in a 1.5% agarose gel and photographed under
UV illumination by Syngene Bioimaging, Gene-
Flash (Atkinson, NH).

Quantitative Real-Time PCR (qPCR) Analysis

qPCR was performed for different genes in
separate wells (singleplex assay) of 96-well
plate in a reaction volume of 20 ml. 18S or
GAPDHserved as the endogenous control for all
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experiments. Three replicates of each sample
were amplified using assays-on-demand gene
expression (Applied Biosystems, Foster City,
CA) to give one measurement for a sample.
Predesigned unlabeled gene-specific PCR pri-
mers and TaqMan dye-labeled probes were
purchased from Applied Biosystems. Primers
were tested for equal efficiency over a range of
target gene concentration before use. All pri-
mers were designed to cross exon–exon bound-
aries. The PCR reaction mixture (including 2X
TaqMan Universal PCR Master Mix, 20X
assays-on-demand gene expression assay mix,
100 ng of cDNA) was run in Applied Biosystems
ABI Prism 7500 Sequence Detection System
instrument utilizing universal thermal cycling
parameters. The relative quantification of tar-
get gene expression in a test sample to a control
calibrator sample (DDCt Method) was used for
data analysis.

Intracellular cyclic AMP Measurement

Primary osteoblastic cells were treated with
0.5 mM of isobutyl methyl xanthine (IBMX) to
block phosphodiesterase activity for 30 min.
Theywere then subjected toFSS for 5and15min.
After FSS, medium was removed and cells
were scraped in 500 ml of ice-cold ethanol. The
ethanolic cell suspension was collected in tubes
and centrifuged at 1,500g for 10 min at 48C.
Supernatants were collected and evaporated to
dryness. The dried residuewas dissolved in EIA
buffer (Cayman Chemicals, Ann Arbor,MI) and
cAMP was measured according to the manu-
facturer’s instructions. The cAMP activity was
normalized to the total protein in the sample.

Western Blot Analysis

Cells were washed once and scraped in ice-
cold PBS and collected into a microcentrifuge
tube. They were centrifuged for 5 min at 48C at
5,000 rpm. The supernatant was discarded and
the cells were lysed in 1� cell lysis buffer
containing 20 mM Tris-HCl (pH 7.5), 150 mM
NaCl, 1mMNa2EDTA, 1mMEGTA, 1%Triton-
X100, 2.5 mM sodium pyrophosphate, 1 mM
sodiumvanadate,1mMb-glycerophosphate,1mg/
ml leupeptin, and 1 mM PMSF (Cell Signaling
Technology). After lysing the cells for 20 min on
ice, the lysates were centrifuged at 10,000g for
20 min at 48C. Equal amounts of supernatant
proteins (50 mg), determined by BCA protein
assay kit (Pierce Chemical Co., Rockford, IL),
were separated on 12% SDS–PAGE and elec-

trotransferred onto nitrocellulose membrane.
Membranes were washed with Tris-buffered
saline with Tween-20 (TBST, pH 7.6), blocked
with blocking buffer (1X TBS, 0.1% Tween-20
with 5% wt/vol nonfat dry milk), and incubated
with primary antibody (1:200 for anti RANKL
and1:500 for total andphosphorylatedERK1/2)
in primary antibody buffer (5%BSA inTBST) at
48Covernight. AfterwashingwithTBS contain-
ing 0.1% Tween-20 (TBST), the membrane was
incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody (1:2,000) in the
blocking buffer for 1 h at room temperature.
After washing again with TBST, the signals
were detected by Lumi GLO chemilumines-
cence reagent (Cell Signaling Technology).

Statistical Analysis

Statistical significance of differences among
means was determined by analysis of variance
(ANOVA) with post-hoc comparison of more
than twomeans by theBonferronimethodusing
SigmaStat (Jandel Scientific, San Rafael, CA).

RESULTS

FSS Induced RANKL mRNA
and Protein Expression

Primary murine calvarial osteoblasts were
subjected to pulsatile fluid flow (5 Hz), equiva-
lent to FSS of 10 dynes/cm2, for 1 h and then
returned to static culture for varying time
periods. Constitutive RANKL mRNA was often
not seen on Northern analysis (Fig. 1A), but
with more sensitive methods of detection, like
RT-PCR or qPCR, constitutive RANKL mRNA
expression was evident (Fig. 1B). RANKL
mRNA was not elevated immediately after 1 h
of FSS but was elevated in static culture 2 h
after FSS (Fig. 1A). RANKL mRNA levels
remained elevated at least 8 h after stopping
FSS (Fig. 2B) and had almost returned to
baseline at 24 h (Fig. 1B).

The induction of COX-2 mRNA expression
under these conditions can be seen immediately
on stopping FSS, and COX-2 levels continue to
increase in post-FSS culture (Fig. 2A). Since
COX-2 produced prostaglandins can induce
RANKLmRNA [Kanzaki et al., 2002; Udagawa
et al., 1999; Li et al., 2002], we examined the
effects of NS-398 (0.1 mM), at a dose shown to
inhibit COX-2 activity in osteoblasts [Pilbeam
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et al., 1997], on the FSS induction of RANKL.
On Northern analysis, NS-398 did not reduce
the FSS induction of RANKL mRNA (Fig. 2B).
Nevertheless, all further experiments were
done in the presence of NS-398 (0.1 mM), added
30 min prior to FSS and continued throughout
FSSandpost-FSS culture, to avoidany effects of
FSS induced COX-2.
To examine RANKL protein expression, pri-

mary osteoblasts were subjected to FSS for 1 h
and returned to static culture for 2, 4, and 8 h
post-FSS. On Western analysis, RANKL pro-
tein was barely detectable in the static controls
(Fig. 3). RANKL protein expression was increa-
sed 2 h after FSS and remained elevated at 8 h
post-FSS, paralleling the changes seen in
RANKL mRNA expression.

Since it is the ratio of RANKL to its decoy
receptor, OPG, that may ultimately regulate
bone resorption, we also examined OPG mRNA
levels. Constitutive OPG expression was easily
detectable on Northern analysis (Figs. 1A, 2B).
Effects of FSS onOPGmRNA levels were small,
and it was difficult to determine a trend on
Northern analysis.

In our fluid flow chamber, four slides of cells
can be subjected simultaneously to FSS. For
Northern analysis, we pooled RNA extracted
from all four slides to obtain sufficient RNA at
each time point. To quantify the results for
RANKL and OPG mRNA, we performed quan-
titative real time PCR (qPCR) on these samples
from multiple independent experiments and
calculated mean values (Table I). RANKL

Fig. 1. Time course for FSS induction of RANKL mRNA
expression in primary osteoblasts. Cells were subjected to FSS
for 1 h and extracted immediately or returned to static culture
(post-FSS) for the times indicated. A: Northern blot analysis for
RANKL, OPG and GAPDH mRNA. The ratio of RANKL or OPG
mRNA band density to GAPDHmRNA band density is indicated

below the bands.B: RT-PCR analysis for RANKL and 18SmRNA.
No-flow controls, changed to new dishes at the same time other
cells were put in the fluid flow apparatus, were taken down at the
same times as the treated samples. The fold induction of RANKL
mRNA relative to a 0 time point control was calculated by
quantitative PCR (qPCR) and is indicated below each band.

Fig. 2. Effect of inhibiting COX-2 activity on the FSS induction of RANKL mRNA. Cells were subjected to
FSS for 1 h and extracted immediately or returned to static culture (post-FSS) for the times indicated.
A: Northern blot analysis for COX-2. The ratio of COX-2/GAPDH mRNA is shown below the bands.
B: Northern blot analysis for RANKL and OPG. Cultures were treated throughout with NS398 (0.1 mM) or
vehicle (control). The relative band intensities for RANKL and OPGmRNA to GAPDHmRNA are indicated
below the bands.
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mRNA levels tended (P¼ 0.07) to be decreased
immediately after stopping FSS but were
increased 20 to 40-fold at 2 to 4 h in post-FSS
static culture. Therewere small but statistically
significant increases in OPGmRNA levels, with
the greatest increase of 2.7-fold seen immedi-
ately after stopping FSS.

Comparison of Different FSS Durations

Five min of FSS was sufficient to cause an
increase in RANKL levels on Northern analysis
at 4 h of post-FSS culture (Fig. 4A). Levels of
RANKL mRNA appeared lower immediately
following 4 h of FSS than following 5 min FSS
plus 4h of post-FSS culture (Fig. 4A). To test the
possibility that continuous FSSmight suppress
the maximal stimulation of RANKL mRNA
expression, we compared the effects of FSS for
1 h plus 3 h of post-FSS culture with FSS for 4 h
using qPCR (Fig. 4B). Three slides were ana-
lyzed per group, each in triplicate. Two controls,
both cultured for 4 h, were used: (1) static
control slides were changed to new media each
time the slides subjected to FSS were changed,
and (2) sham control slides were placed inside
the FSS apparatus with media, and the appa-

ratus closed briefly. There was no significant
difference between the static controls and the
sham controls. RANKL mRNA was increased
5-fold after FSS for 1 h plus 3 h of static culture,
compared to 3.3-fold after 4 h of FSS.

Role of the PKA and PKC Signaling Pathways
in the FSS Induction of RANKL

Both PKA and PKC pathways have been
implicated in the regulation of RANKL expres-
sion. Five min of FSS was sufficient to induce a
3.5-fold increase in cAMP in primary calvarial
osteoblasts (Fig. 5A). Treatment with H-89
(30 mM), a PKA inhibitor [Chijiwa et al., 1990],
decreased the FSS induction of RANKL at 2 h
post-FSS by 97% (Fig. 5B). While these results
might seem to confirm the involvement of the
PKA pathway, we previously found H-89 used
at any dose that effectively inhibited the PKA
pathway also inhibited the PKC pathway
[Wadhwa et al., 2002b]. To test the degree of
specificity under the current experimental con-
ditions, we treated cells for 3 h under stationary
conditions with forskokin (10 mM), a PKA
agonist, and phorbol myristate acetate (PMA,
1 mM), a PKC agonist, with and without H-89
(30 mM). In two experiments, one analyzed by
both RT-PCR and qPCR, with only 1 sample for
each group (Fig. 5B), and the other analyzed by
qPCR, with three replicates per group (Fig. 6A),
forskolin and PMAwere both potent inducers of
RANKL. H-89 decreased the forskolin and the
PMA induction of RANKL 95%–99% and 87%–
99%, respectively. In fact, there was no sig-
nificant stimulation of RANKL by PMA in the
presence of H-89. We tried to find more specific
PKA inhibitors. For HA-1004, we could not find
a dose that would inhibit effects of forskolin

Fig. 3. Western blot analysis for RANKL protein. Cells were left
in static culture (control) or subjected to FSS for 1 h and the
returned to post-FSS static culture for the times indicated. Each
time point had a static control taken down at the same time as the
FSS treated samples. Equal loadingwas confirmed by probing for
actin.

TABLE I. Changes in RANKL and OPG mRNA Levels After FSS Analyzed by qPCR

Post-FSS

Culture (h) N

RANKL

Control FSS

OPG

Control FSS RANKL/OPG

0 3 1.0� 0.4 0.5� 0.2 1.0� 0.1 2.7� 0.3a 0.2
2 12 1.0� 0.2 22.8� 4.9a 1.0� 0.1 1.6� 0.2b 14
4 6 1.0� 0.3 39.0� 15.7b 1.0� 0.1 1.3� 0.1b 30

Cells were subjected to fluid shear stress (FSS) for 1 h and immediately extracted or returned to static culture (post-FSS) for 2 and 4 h.
Static controls were taken down at the same times as the FSS treated samples. Each RQ value for RANKL and OPG was calculated
relative to its static control at that timepoint. Single data valueswere pooled fromN independent experiments. The4hdata come froma
subset of the 2 h experiments while the 0 time data are from a different set of experiments.
The data are the mean�SEM values from N independent experiments. Values were normalized to the control mean for that post-FSS
time point before being pooled.
aSignificantly different from control, P<0.01.
bP<0.05.
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(data not shown). For KT5720, we found inhibi-
tion of both the forskolin and PMA induction of
RANKLmRNAatall thedoses tested from0.1 to
10 mM (data not shown).
Since H-89 inhibited both PKA and PKC

pathways, we treated with specific PKC inhibi-
tors to assess the contribution of the PKC
pathway. GF109203X is a potent PKC inhibitor
[Toullec et al., 1991]. To examine specificity
under our experimental conditions, we treated

cells in static culture with forskokin (10 mM)
and PMA (1 mM) for 3 h, with and without
GF109203X (0.25 mg/ml). Treatment with
GF109203X blocked the PMA induction of
RANKL without inhibiting the forskolin induc-
tion of RANKL (Fig. 6A). Similar results were
seen in a second experiment. In the same
experiment, H-89 blocked the FSS induction of
RANKLmRNA,while GF109203Xhad no effect
on the FSS induction of RANKL (Fig. 6B).

Fig. 4. Comparison of different FSS durations. A: Northern blot
analysis for RANKL mRNA. Cells were left in static culture or
subjected to FSS and post-FSS culture for times as indicated. The
fold increase for RANKL/18SmRNA, relative to control, for each
sample run on the gel was calculated by quantitative PCR (qPCR)
and is indicated below the bands. B: qPCR for RANKL mRNA.
Cells (three slides per treatment group) were subjected to 1 h of
FSS plus 3 h of post-FSS culture (FSS 1þ3) or 4 h of FSS with no
post-FSS culture (FSS 4þ0). Control slides were left in static
culture but put into new dishes (with the samemediumas used in

flow apparatus) when FSS slides were put into apparatus and
when they were taken out. Sham slides were put into the flow
apparatus, which was briefly closed, and replaced in static
culture. The relative quantification (RQ) values were calculated
by the DDCt method using a reference sample. From these RQ
values, the treated over control fold inductions were calculated.
aSignificant effect of FSS versus Control, P<0.01. bSignificant
effect of FSS versus Sham, P<0.01. cSignificant difference
between FSS 1þ3 and FSS 4þ0, P< 0.01; dP<0.05.

Fig. 5. Involvement of the PKA pathway in the FSS induction of
RANKL. A: Measurement of cAMP production. Cultures were
subjected to FSS for 5 and 15 min. Controls were transferred to
another dish at start and end of FSS and taken down along with
the FSS treated samples. cAMP levels were normalized to total
protein. aSignificant effect of FSS, P<0.05. B: Effect of H-89.
Cultures were treated with H89 (30 mM) for 30 min prior to FSS,
during FSS and in post-FSS culture. Cells were subjected to FSS

for 1 h and returned to static culture for 2 h or treated with
forskolin (10 mM) and PMA (1 mM) for 3 h in static culture.
Controls were transferred to another dish at start and end of FSS
and taken down along with the FSS treated samples. RANKL
mRNA expression was analyzed by RT-PCR. The fold induction
of RANKL/18S mRNA relative to control was calculated by
quantitative PCR (qPCR) and is indicated below the gel.
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As additional confirmation that the PKC
pathway was not involved, we examined the
effects of another PKC inhibitor, Go6983, on
FSS induced RANKL expression by qPCR.
Go6983 (1 mM) had no effect on the forskolin
induction of RANKL mRNA, while inhibiting
the PMA induction of RANKL by 85% (data not
shown). FSS caused a seven-fold increase in the
RANKL mRNA expression, which was unaf-
fected by Go6983 (data not shown).

Role of the ERK Pathway in the
FSS Induction of RANKL

FSS induced a rapid and transient phosphor-
ylation of extracellular signal-regulated kinase
(ERK)-1/2 in primary calvarial osteoblasts
(Fig. 7A). Phosphorylation peaked at 5 min of
FSS and returned to baseline by 30 min of FSS.
We then examined the effects of PD98059 (50 mM)
on the FSS induction of RANKL (Fig. 7B).

Fig. 6. Comparison of the effects of PKA and PKC agonists and
inhibitors on RANKLmRNA levels. Cultures were treatedwith or
without H-89 (30 mM) or GF109203X (0.25 mg/ml) beginning 30
min prior to FSS and continuing throughout FSS and post-FSS
culture. Controls were transferred to another dish at start and end
of FSS and taken down along with the FSS treated samples.
Analysis was by quantitative PCR. RQ values were calculated by
DDct method using a reference sample from which the treated

over control values were calculated. A: Effects of agonists and
inhibitors in static culture. Cells (three slides per group) were
treated with forskolin (10 mM) or PMA (1 mM) for 3 h. B: Effects of
inhibitors on the FSS induction of RANKL. Cells (three slides per
group)were subjected to FSS for 1 h and returned to static culture
for 2 h. aSignificant effect of agonist or FSS, P<0.01. bSignificant
inhibition by inhibitor, P<0.01.

Fig. 7. Involvement of the ERK pathway in the FSS induction
of RANKL. A: Western analysis for ERK-1/2 phosphorylation.
Cells were subjected to FSS from 5 to 60 min and analyzed
immediately. PMA (1 mM, 30min) was used as a positive control.
Antibodies were specific for phosphorylated ERK (p-ERK) or total
ERK. B: Effect of PD98059 (50 mM) on the FSS induction of

RANKL. After 1 h of FSS cells were returned to static culture for
2 h. Controls were transferred to another dish at the start and end
of FSS. Quantitative PCR was done to analyze RANKL mRNA
expression. Each RQ value was calculated relative to its
corresponding static control. Results are from two independent
experiments.
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In two independent experiments, PD98059
inhibited the FSS induction of RANKL mRNA
expression by 60%–90%at 2h of post-FSS static
culture.

DISCUSSION

A number of studies have shown that only a
brief period of loading is necessary to generate
anabolic effects in bone [Rubin et al., 2001;
Robling and Turner, 2002; Lee et al., 2003], that
increased duration of loading does not increase
bone formation [Umemura et al., 1997], and
that the anabolic response to loading declines
soon after loading is initiated and mechanosen-
sitivity is increased by the insertion of rest
periods [Robling et al., 2001, 2002; Srinivasan
et al., 2002; Umemura et al., 2002]. Hence, it is
possible that what happens after mechanical
loading is stopped might be as important as
effects occurring during loading. For this reason
we examined the development of gene expres-
sion after stopping briefly applied FSS. We
found that 5min or 1 h of FSS, followed by static
culture, was as effective in stimulating RANKL
mRNA expression as 4 h of continuous FSS.
Skeletal adaptation to mechanical loading is

thought to occur through regulation ofmodeling
and remodeling [Lanyon and Skerry, 2001].
Although modeling, in which new bone forma-
tion is stimulated on quiescent surfaces without
preceding resorption, is thought to occur largely
during skeletal growth, renewed modeling can
occur on periosteal surfaces in response to
loading [Pead et al., 1988; Forwood et al.,
1996; Chow et al., 1998; Boyde, 2003]. Remodel-
ing, in which bone resorption is coupled to bone
formation in focal remodeling units, occurs
throughout life, and some regulation of remo-
deling would seem to be necessary for adaptive
changes in bone architecture in response to
mechanical loading. An imbalance in remodel-
ing, such that resorption exceeds formation,
causes bone loss and can lead to osteoporosis.
Loading has been proposed to be antiresorptive
[Huiskes et al., 2000; Lanyon and Skerry, 2001]
and there aremodels inwhich loadingdecreases
osteoclast number or activity [Hillam and
Skerry, 1995; Hagihara et al., 2005]. It has been
suggested that age-related osteoporosis results
from a decline in the level of physical activity
that loads bone, combined with a failure of
the appropriate osteogenic response of cells
in the remodeling units to load bearing, thereby

leading to increased sites of resorption activa-
tion, each with negative remodeling balance
[Forwood et al., 1996].

In the current study, brief exposure to FSS
increased basal expression of RANKL, which is
required for the differentiation and activity of
osteoclasts,with less stimulatory effect onOPG,
which opposes the action of RANKL. It might
seem contradictory that a system designed to
model mechanical loading, which should ulti-
mately result in increased bone formation,
would initially increase RANKL, which is
essential for bone resorption. However, there
are potent stimulators of RANKL expression
and bone resorption, such as PGE2 and PTH,
whichhaveanabolic actions in vivo [Reeve et al.,
1980; Hock et al., 1988; Jee and Ma, 1997; Qin
et al., 2004]. Moreover, both PTH and PGE2

have been shown to enhance the anabolic effects
of mechanical loading [Tang et al., 1997; Li
et al., 2003]. Through mechanisms not yet
understood, PTH can activate remodeling but
stimulate formation more than resorption,
although it is not clear if resorption is necessary
for the anabolic effects of PTH [Martin, 2004].
There is also an in vivo study suggesting that
mechanical loading can upregulate RANKL
expression. Mice were subjected to catabolic
signals (unloading by hind limb suspension)
and anabolic signals (platform vibration for
10 min/day, 5 days a week) for 4 or 21 days
[Judex et al., 2005]. As expected, the catabolic
regimen decreased, and the anabolic regimen
increased, bone formation rates and minerali-
zation surface in the tibiae. Whole tibiae were
extracted for mRNA analysis. RANKL mRNA
levels in the tibiae were not significantly affe-
cted by unloading at either time point but were
significantly increased by loading after 21 days.

RANKL expression in bone cells can be
regulated by deforming the substrate on which
the cells are grown. In studies of murine bone
marrow and bone marrow stromal cells on
flexible membranes, 6–24 h of equibiaxial
mechanical strain at 10 Hz, ranging from
0.25% to 2% strain, inhibited 1,25(OH)2 vitamin
D3-stimulated RANKL expression and osteo-
clastogenesis [Rubin et al., 2000, 2002, 2003].
This effect was dependent on ERK phosphor-
ylation. The authors noted that the strain
system used in this work did not impose any
biologically relevant fluid shear stress on the
cells. No effect on basal RANKL expression was
reported. In human osteoblasts, tensile strain
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(7% strain, 0.25 Hz) applied 4 h a day for 3 days
decreased basal RANKL mRNA expression, an
effectmediated by the p38MAPkinase pathway
[Kusumi et al., 2005]. On the other hand, there
was a trend for basal RANKL protein levels to
increase when human osteosarcoma MG-63
cells were loaded by cyclic 3-point bending
(0.35% strain, 0.9 Hz) of their substrate for 2 h
followed by 1 h incubation [Saunders et al.,
2005]. Substrate deformation studies have also
been done on cells from other tissues. Although
large cyclic tensile strains (20%) decreased
interleukin-1 stimulated RANKL expression
in fibrochondrocytes, there was no effect on
basal RANKL expression [Deschner et al.,
2005]. Similarly, cyclic tensile strains of 20%
had no effect on basal RANKL expression in
human periodontal ligament cells [Tsuji et al.,
2004]. Our experiments differed from previous
experiments in cell type (primary murine osteo-
blasts) and loading protocol (briefly applied
fluid shear followed by up to 24 h of static
culture).

It seems likely that effects on gene expression
will depend not only on the cell type but also on
the type of loading. Several studies have
reported differences in the effects of fluid flow
and substrate loading on gene expression. For
example, a variety of osteoblastic cells, includ-
ing rat calvarial cells, MC3T3-E1 cells, and
UMR-106 cells, were subjected to unidirectional
linear strains up to 0.5% or to pulsatile laminar
fluid flow [Smalt et al., 1997]. Low levels of fluid
flow (0.1 dynes/cm2) induced bothNOand PGE2

production but neither was detected after sub-
strate deformation. Similarly, another side-by-
side comparison study in human bone cells
found that pulsating fluid flow but not cyclic
strain applied through the substrate increased
PGE2 [Mullender et al., 2004]. Hence, different
types of loading, established to model different
in vivo loading environments, may generate
different signaling pathways.

Signal transduction pathways regulating
RANKL expression in osteoblasts/stromal cells
fall into at least four categories: vitamin D
receptor, PKA, calcium/PKC, and gp130media-
ted signals [Suda et al., 1995; Takami et al.,
2000]. We found both PKA and PKC agonists,
forskolin and PMA, to be potent stimulators of
RANKL mRNA in primary osteoblasts. Five
min of FSS caused a significant increase in
cAMP production. The FSS induction of cAMP
in osteoblasts has been reported previously and

said to be prostaglandin dependent since it was
prevented by a non-specific inhibitor of cyclo-
oxygenase activity [Reich et al., 1990]. Our
experiments were done in the presence of a
selective COX-2 inhibitor, which does not rule
out a rapid release of prostaglandin secondary
to COX-1 activity. H-89, frequently used as a
PKA inhibitor, blocked the FSS induction of
RANKL but also blocked the PMA induction of
RANKL. However, two specific inhibitors of the
PMA induction of RANKL had no effect on the
FSS induction of RANKL, and we concluded
that the FSS induction was primarily depen-
dent on the PKA pathway. PTH also stimulates
RANKL mRNA expression through the PKA
pathway [Lee and Lorenzo, 2002; Kondo et al.,
2002].

Another pathway that may be involved in the
FSS induction ofRANKL is the protein kinaseD
(PKD) pathway, formerly called PKC mu
(PKCm) [Lint et al., 2002]. PKD is a serine/
threonine kinase that can be activated by
phorbol esters. We have shown that 10 min of
FSS phosphorylates Ser744/748, transpho-
sphorylation sites located in the activation loop
of PKD, and Ser916, an autophosphorylation
site located at the C-terminal of PKD [Mehrotra
et al., 2004]. Although PKC inhibitors can
inhibit PKD activity, GF109203X, at the dose
used in this study (0.25 mg/ml), and Go6983 are
not predicted to inhibit PKD [Gschwendt et al.,
1996; Shapiro et al., 2002]. Since H-89 has been
predicted to have a higher sensitivity for PKD
than for members of the PKC family, some of its
effect may be due to inhibiting the PKD path-
way [Johannes et al., 1995]. Therefore, along
with PKA, the PKDpathwaymay be involved in
the FSS induction of RANKL.

TheERK signaling pathway is involved in the
regulation of several genes by mechanical
loading [Hughes-Fulford, 2004]. The decrease
of 1,25(OH)2 vitamin D3-stimulated RANKL
expression inmarrow stromal cells by substrate
deformation was mediated by ERK phosphor-
ylation [Rubin et al., 2002, 2003].We previously
showed that FSS induced phosphorylation of
ERK in MC3T3-E1 osteoblastic cells, derived
frommouse calvariae,with peak effects at 5min
[Wadhwa et al., 2002a]. Inhibiting ERK phos-
phorylation with the specific inhibitor PD98059
inhibited the FSS induction of COX-2mRNA by
55%–70% in MC3T3-E1 cells. In the current
study, FSS induced phosphorylation of ERK
in primary murine calvarial osteoblastic cells,
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with peak effects at 5 min and PD98059 sup-
pressed the FSS induction of RANKLmRNA by
60%–90%. Hence, both stimulatory and inhibi-
tory effects on RANKL of different mechanical
loading regimens are dependent on the ERK
pathway. Both the PKA and PKC pathways
have been implicated as being upstream of the
activation of ERK bymechanical signals [Traub
et al., 1997; Jessop et al., 2001]. Thus, ERK
appears to represent a common distal pathway
where multiple mechanical signals converge.
Greater understanding of the signaling path-

ways that are activated by FSS might lead to
new pharmacological therapies for preventing
and treating bone loss of aging and osteoporosis.
Purely antiresorptive therapies may suppress
the bone formation response that would nor-
mally be coupled to resorption and thus have
limited ability to build new bone [Seeman,
2003]. The best therapeutic agents would seem
to be those that have the ability to activate
remodeling by stimulating resorption, but tip
the balance of remodeling cycles in favor of
formation. It is possible thatmechanical loading
could also generate anabolic effects via stimula-
tion of such unbalanced remodeling cycles.
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