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Abstract—Osteoclasts are large multinucleate cells originating
from the fusion of monocytes that are differentiated from
hematopoietic stem cells. Although activated osteoclasts pref-
erentially move to the area of microcrack by chemotaxis,
whether such mechanical cues as fluid shear stress (FSS) regulate
the migration of osteoclasts remains unknown. This study
focuses on the effect of FSS on the migration of RAW264.7
monocytes and differentiated osteoclasts, as well as the roles of
calcium signaling pathways in cell migration behaviors. We
study five calcium signaling pathways, namely, mechanosensi-
tive cation-selective channels (MSCC), phospholipase C, endo-
plasmic reticulum (ER), adenosine triphosphate, and
extracellular calcium. Results show that FSS induces the
migration of RAW264.7 cells along flow direction, and the
directionality, alignment along the flow direction, and speed of
cells are significantly enhanced with the increase in FSS levels.
Blocking the pathways of MSCC, ER, or extracellular calcium
significantly reduces the migration of RAW264.7 cells along the
flow direction. However, the inhibition of calcium signaling
pathways does not affect the migration behaviors after inducing
RAW264.7 cells for 4 or 8 days with the conditioned medium,
Therefore, this study indicates that both undifferentiated
monocytes and differentiated osteoclasts tend to migrate along
flow direction, furthermore the FSS-induced directional migra-
tion of the monocytes is regulated by calcium signaling
pathways, but that of differentiated osteoclasts is unaffected.

Keywords—Osteoclast, Migration, Fluid shear stress,
Calcium signaling, Differentiation.

INTRODUCTION

Bone metabolism is maintained by the collective
effort of osteoclasts and osteoblasts.'? Osteoclasts are
uniquely capable of resorbing bone matrix, whereas
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osteoblasts are responsible for bone formation. Mature
osteoclasts are highly specialized multinucleated cells
formed by the fusion of marrow-derived mononuclear
phagocytes (i.e., osteoclast precursors) that originated
from hematopoietic stem cells induced by some cyto-
kines, such as the macrophage-colony stimulating
factor (M-CSF) and the receptor activator of NF-xB
ligand (RANKL).>*' Bone resorption starts with the
recruitment of mononucleated osteoclast precursors
from circulation and proceeds with the infiltration of
the bone-lining cell layer to reach the bone surface and
resorb bone minerals.> However, the mechanism be-
hind the migration of these osteoclast precursors to-
ward resorption sites remains unclear.

Previous studies have demonstrated that extracel-
lular calcium ions (Ca®*),” and some chemokines, e.g.,
CX3CLI?!' or blood-enriched lipid mediator sphingo-
sine-1-phosphate (S1P),'® regulate the localization and
homing of osteoclasts or their precursors.'®*' How-
ever, the functions of mechanical cues in this process
are seldom considered. The bone matrix becomes de-
formed when bone tissue is mechanically loaded, and
the deformation drives the interstitial fluid within the
cavities to flow over the surfaces of the trabeculae or
lacunae, causing the osteoclasts or osteoblasts on the
surfaces to suffer from fluid shear stress (FSS).** Some
in vivo'™'7 and in vitro® studies have shown that FSS
can activate the differentiation of osteoclasts and fur-
ther regulate bone resorption. Our previous study has
found that FSS can induce calcium response in both
osteoclasts and their precursors.”** Other mechanical
stimulations, such as the single-cell indentation by a
glass pipette**? or whole-cell membrane stretching by
changing osmotic pressure,*® can also result in a sig-
nificant intracellular calcium response in osteoclasts.
However, whether mechanical loading involves in the
migration of osteoclasts and what the molecular
mechanism is remains unknown.
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Calcium ions are among the most important sec-
ondary messengers in cells. Previous studies have
shown that intracellular calcium dynamics is closely
related to cell migration behaviors, such as an
increase in calcium concentration from the front to
the rear of migrating cells at a relatively long time-
scale”?®¥ and a calcium flicker with front-to-rear
polarization at a short timescale.’” Our recent study
has shown that the mechanosensitive, cation-selective
channels (MSCC), phospholipase C (PLC), and endo-
plasmic reticulum (ER) are the major signaling
pathways for mechanical stimulation-induced calcium
response in RAW?264.7 osteoclastic precursors (mono-
cytes).”* In this study, we test the hypothesis that
calcium signaling pathways may be involved in FSS-
induced cell migration.

RAW264.7 monocytes were exposed to 1 and
10 dyne/cm? FSS for 30 min, after which the dynamic
parameters of cell migration were analyzed. The results
showed that the RAW264.7 cells tended to migrate
along the flow direction and that the migration speed
and orientation increased with FSS level. Three cal-
cium pathways (i.e., MSCC, ER, or extracellular cal-
cium) had significant impact on their migration. When
one of the three is blocked, the migration speed along
flow direction is significantly reduced. The osteoclasts
induced for 4 or 8 days also preferentially migrated
along the direction of fluid flow, but calcium pathways
did not influence their migration.

MATERIALS AND METHODS

Cell Culture

The osteoblast-like MC3T3-E1 cell line was pur-
chased from the American Type Culture Collection
(ATCC, Manassas, USA) and cultured in alpha mod-
ified eagle’s medium («-MEM, Hyclone, USA) sup-
plemented with 10% fetal bovine serum (FBS, Gibco,
USA), 100 units/mL of penicillin (Sigma, St. Louis,
USA), and 100 units/mL streptomycin (Sigma, St.
Louis, USA). The medium was changed every 48 h,
and the conditioned medium was collected every 24 h
when cells reached 70% confluence. The RAW264.7
cell line was purchased from the European Collection
of Cell Cultures (ECACC, Wiltshire, UK) and cultured
in Dulbecco’s modified eagle’s medium (DMEM,
Hyclone, USA) supplemented with 10% FBS, 100
units/mL of penicillin, and 100 units/mL of strepto-
mycin. As described in our previous study,” the
mononuclear RAW264.7 cells were induced to fuse or
differentiate into TRAP-positive multinucleated
osteoclasts with a 1:1 mixture of the DMEM medium
and the conditioned medium from MC3T3-E1 cells.
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FSS Stimulation and Calcium Signaling Pathways

The RAW264.7 monocytes or the induced osteo-
clasts were seeded on plastic slides (NUNC, Roskilde,
Denmark) at a density of 2 x 10*/cm?. The slides
were mounted on the custom-made parallel flow
chamber after 24 h of cell seeding (Fig. 1c). An FSS
level of 1 or 10 dyne/cm” was adopted to stimulate the
cells for 30 min, during which time-lapse images were
recorded at 30 s intervals by using a Leica DMI 6000B
inverted microscope (Fig. 1a). These images were used
to analyze cell migration parameters. Similar to our
previous study,?* five pathways of calcium signaling
were investigated by incubating the slides with
blocking reagents before cells are exposed to FSS. In
brief, 10 uM Gadolinium chloride (Gd**, Sigma, St.
Louis, USA) was supplied as the MSCC blocker, the
calcium stored in the ER was depleted with 1 uM
thapsigargin (TG, Sigma, St. Louis, USA), and 10 uM
U73122 (Calbiochem, Darmstadt, Germany) was
adopted to inhibit PLC. For the above blocking
tests, 10 min incubation of chemical reagents was
applied. Extracellular calcium was removed by using
calcium-free DMEM (Gibco, Carlsbad, USA). 100 uM
suramin was used to block adenosine triphosphate
(ATP) binding with P2 purinergic receptors during
the 30 min incubation. It should be noted that
the blocking reagents were maintained during FSS
stimulation.

Cell Migration Assay

The geometric parameters of migrating cells were
quantified by a program developed with Matlab soft-
ware. Cells that are already or going to be in contact
with other cells were excluded. Edge extraction and
dilation were used to obtain the general outline of a cell;
the internal holes were filled, and the cell was treated
with an erosion process to remove the small regions
(Fig. 1b). The centroid of a cell was adopted as its po-
sition, around which a rectangular region twice the cell
size was defined to calculate the position of the
migrating cell in the next image through digital image
correlation (DIC).° The cell trajectory path was deter-
mined after its position has been identified. The location
shift was calibrated by using a fixed point in the field.

Cell migration is mainly analyzed by using the
parameters shown in Fig. 1d. The total distance that the

cell traveled in time ¢ is calculated by S, = > S;, where
i=1

S; is the distance traveled by the cell in 1.5 min. There-
fore, the general speed is S, /. The relative displacement
S is shown by the red arrow between the start and end
points of the cellular trajectory in Fig. 1d. The inclined
angle 0, between the cell trajectory and the flow direc-
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FIGURE 1. Migration of RAW264.7 cells under shear flow. (a) Time-lapsed images of an individual RAW264.7 cell exposed to
10 dyne/cm? FSS; the arrow shows the flow direction. (b) Image processing of a migrating cell; the red star indicates the centroid of
this cell adopted as its position. (c) Sketch map of a parallel-place flow chamber system. (d) Definition of the migration parameters.
S; is the distance of cell movement in a given time interval, n is the number of time intervals, the general distance of cell migration

n
is denoted as Sy = }_ S;. The red arrow is the direct line connecting the initial and end positions of a migration cell and S, and 6,

i=1
are the line’s length and angle relative to the flow direction, respectively.

tion represent migration orientation. Cell speed
along the flow direction is Sq/f = S; x cos 0, /¢, which
indicates the capability of the cell to adapt to the
fluid flow. The directionality Si/S,; shows the tendency
of a cell to move along a direct line. A directionally
migrating cell registers migration speed and direc-
tionality that are larger than the mean value plus stan-
dard deviation (SD), which indicates that no flow is
applied.

Statistical Analysis

More than three slides (at least 60 cells) were tested
for a specific induction time, FSS level, and chemical

blocking. All the results were expressed as mean £ SD.
Statistical differences between the mean values of dif-
ferent groups were determined by using one-way AN-
OVA, and were considered significant when p < 0.05 if
not specifically claimed.

RESULTS

FSS Stimulates RAW?264.7 Cells to Migrate

The time-lapsed images of RAW264.7 cells recorded
for 30 min with or without 1 and 10 dyne/cm? FSS
showed that the effect of FSS on cell migration is dose-
dependent (Fig. 2). When no flow was applied, cells
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migrated randomly. For 1 dyne/cm?® FSS, most cells
migrated along the flow direction, and the inclined
angle 0, between the cell migration and fluid flow
directions are uniformly distributed within the range
—90° to 90° (Fig. 2a). The average value of cos 0, was
0.47, which was significantly higher than that in the no-
flow group (Fig. 2b). For the 10 dyne/cm” FSS group,
almost all cells migrated within a narrow £30° range of
0p; more than 40% of these cells were within the £15°
range (Fig. 2a). In addition, the value of cos 0, (0.70)
was significantly larger than that (0.47) under 1 dyne/
cm” FSS (Fig. 2b). When excluding the randomly
migrating cells, cos 0, was 0.77 for 10 dyne/cm? FSS
group (Fig. 2¢).

The directionalities for 1 and 10 dyne/cm?” FSS were
0.26 and 0.37, respectively, both of which were signif-
icantly higher than that in the no-flow group (Fig. 2d).
This observation implies that increased FSS levels
promote the cells to migrate along a straight line rather
than a curved trajectory. Meanwhile, 25 or 65% of
directionally migrating cells for 1 or 10 dyne/cm?® FSS,
respectively, were also significantly more than that in
the static group (10%) (Fig. 2e). The migration speed
of the no-flow group was nearly zero, but the speed
along the flow was increased to 0.09 and 0.29 ym/min
for 1 and 10 dyne/cm® FSS, respectively (Fig. 2f).
Figure 2g shows that the general migration speed has
no obvious correlation with directionality.

Calcium Signaling Pathways Involved in the
FSS-Induced Migration of RAW264.7 Cells

Five pathways, i.e., MSCC, PLC, ATP, ER, and
extracellular calcium, were chemically blocked by
Gd*", U73122, suramin, TG, and Ca®" -free medium,
respectively, to test whether intracellular calcium sig-
naling pathways are involved in the FSS-induced
migration of RAW264.7 monocytes. The properties of
cell migration were also analyzed. For the control
group with 10 dyne/cm?® FSS, 44% of the cells mi-
grated within £15° relative to the flow direction,
whereas 12.5% of the cells migrated against the flow
(Fig. 3a). However, for the Gd**, TG, U73122, and
Ca’"-free groups, the cells that migrated within £15°
significantly decreased to 28.3, 25.2, 24.7, and 33.3%,
respectively, and those that migrated against flow
increased to 24.5, 18.7, 17.8, and 28.4%, respectively.
Inhibiting the ATP pathway did not affect cell migra-
tion.

Figure 3b shows that when the MSCC, ER and
extracellular calcium pathways were inhibited, the cell
speed along flow direction was significantly reduced to
0.17, 0.18, and 0.17 um/min, respectively, compared
with 0.29 um/min for the control group. Blocking the
PLC or ATP pathway did not affect the speed. Inter-
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estingly, the general speed along the trajectory was not
significantly reduced when blocking either of these
pathways (Fig. 3c). The direction of cell migration
along the flow, such as cos0,, was only reduced by
blocking MSCC pathway (Fig. 3d). Furthermore, the
directionalities of Gd*" and Ca?"-free groups signifi-
cantly decreased to 0.27 and 0.28, respectively, com-
pared with 0.37 for the control group (Fig. 3e).

Differentiated Osteoclasts Migrate Under FSS
But Cannot be Regulated by Calcium Signaling
Pathways

After the RAW264.7 cells were induced to differ-
entiate into osteocalsts, no significant difference was
observed (Fig. 4a). The speed of FSS-induced migra-
tion in the FSS direction were 0.29, 0.31, and 0.36 um/
min for 0, 4, and 8 days induction, respectively. Simi-
larly, the general speed and migration orientation
(cos 0p) of cells was also independent of induction time
(Figs. 4b and 4c). Additionally, the differentiated
osteoclasts after 8 d induction exhibited higher direc-
tionality (0.46) than RAW264.7 monocytes (0.37) but
no significant difference was found (Fig. 4d). Figure 5
shows the effect of calcium signaling pathways on FSS-
induced migration of osteoclasts. No significant dif-
ference was detected for different calcium pathways for
RAW264.7 cells induced for 4 or § days.

DISCUSSION

The present study demonstrated that FSS promoted
the migration of RAW264.7 monocytes as well as
differentiated osteoclasts induced by the conditioned
medium from osteoblasts (Figs. 2 and 4). Except for a
few randomly migrating cells, most of the cells
migrated along the flow direction. The migration of
pre-osteoclasts and mature osteoclasts in FSS was
dose-dependent, i.e., the speed along the flow direc-
tion, inclined angle, and directionality were remark-
ably enhanced when FSS level was increased from 1 to
10 dyne/cm®. The general migration speed without
fluid flow is 0.49 um/min, close to the recent result
indicating that the out growth rate of osteoclast lam-
ellipod is 0.7 um/min.* Similarly, an in vivo study on
the migration of osteoclast precursor monocytes
showed that cells treated with vehicle, active vitamin D
metabolite (1,25-D) and eldecalcitol (ELD), respec-
tively, had migration speeds of 1.9, 2.4, and 2.4 um/
min.'” The flow-induced migration has been observed
in other cell types, e.g., FSS by blood flow increased
the migration speed of vascular endothelial cells.”*°
However, the FSS does not always monotonically
enhance cell migration along flow direction. For
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example, when endothelial and smooth muscle cells
were co-cultured, FSS delayed the onset of dose-
dependent migration.”® In addition, although FSS of
2-10 dyne/cm? can induce the migration of human
mesenchymal stem cells (hMSCs) with notably higher
speed than the statically cultured hMSCs, FSS larger
than 20 dyne/cm”® markedly inhibited migration.®
Interestingly, the breast cancer cells seeded at high
density in 3D gel expectedly migrated against, rather
than with, the flow.?’” To clarify the relations between
cell migration, cell type and mechanical loading may
require more extensive and quantitative experiments as
well as theoretical analysis basing on the dynamics of
cell adhesion.'*?*%3

The migration of osteoclast starts from the mono-
nucleated precursors in the capillaries of bone micro-
circulation system and ends at the periosteum close to
bone surfaces that encompass the trabecular and
intramedullary cavities. The wall shear stress of blood
flow in postcapillary venule is approximately 3 dyne/
cm”.? Therefore the physiological FSS level for pre-
osteoblasts should be around 3 dyne/cm®. When
osteoclasts arrive at bone surface, they will experience
the shear stress from interstitial fluid flow, similar to
osteoblasts. For osteocytes located within lacunae,
some theoretical analysis suggested that FSS was on

the order of 8-30 dyne/cm”.*® Since the size of tra-
becular cavities is much larger than that of lacunae-
canaliculi system, the FSS level for osteoclasts should
be lower than that for osteocytes. In fact, the flow rate
or FSS at bone surface still remains unknown due to
the difficulty of in vivo experimental observation. In
this study, we adopted 1 or 10 dyne/cm? FSS, which is
in the range between the FSS in postcapillary venule
and that in lacunae.

Bone resorption and subsequent bone formation
usually occur around a microdamage to secure skeletal
integrity, which is called targeted remodeling.'® But it is
still unclear how the mononuclear pre-osteoclasts in the
periosteum migrate to the resorption sites on bone sur-
face.>® Many researchers believed that the apoptotic
osteocytes near the microdamage released cytokines
such as RANKL, phosphatidylserine, ICAM-3 or CD31
to regulate the recruitment and differentiation of
osteoclasts."*!® But the roles of mechanical cues on the
bone resorption is seldom studied. In fact, one study has
demonstrated that osteocyte apoptosis may be insuffi-
cient for repairing microdamage without mechanical
stimulation.** When the bone is loaded or unloaded, the
interstitial fluid permeates the lacunar—canalicular, tra-
becular, or medullary cavities.'> According to fluid
mechanics and the findings of this article, fluid velocity
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may decrease quickly from bone surface to the inside of a
microdamage so that the pre-osteoclastic monocytes or
osteoclasts may sink or pool in it (Fig. 6a). There are
usually two kinds of fatigue-induced microdamages, i.c.,
large crack with 10-100 um in length, which is compa-
rable with the size of osteoclasts,? and diffuse damage
with submicron size. The previous studies have found
that bone resorption occurred at larger crack but not in
diffuse damage.*'**® For the diffuse damage, osteo-
clasts or monocytes may be driven away by fluid flow so
as to inhibit the bone resorption over there. Therefore
our present result can provide an alternative explanation
for targeted bone remodeling.

The present study also showed that calcium signal-
ing pathways, such as MSCC, ER and extracellular
calcium, involved in the FSS induced-migration of
RAW264.7 cells (Fig. 3). It should be noted that the
primary pathways are similar to those in our previous
study on FSS-induced [Ca®"]; response except PLC.*
Our current results indicated that when any of these
pathways was blocked, the speed along the flow
direction was significantly reduced, and the general
speed did not change significantly (Fig. 3c), which
suggest that fluid flow-induced intracellular calcium
response only regulates the migration direction of pre-
osteoclasts rather than their migration capability.
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Previous studies have shown that the blockade of
[Ca® "], influx into the body of kidney cells slows down
the migration to 47% in the control.”® The excellent
discovery of calcium flicker in migrating fibroblasts
provides more evidence of the functions of MSCC,
[Ca®"]y, and [Ca®"],,*” in which calcium flicker activity
was dually coupled to TRPM7, a stretch activated
transient receptor potential ion channel, as well as
inositol-1,4,5-trisphosphate receptors on internal cal-
cium stores. A recent study with the isolated osteo-
clasts showed that the lamellipodia outgrowth occurs
steadily at a rate of ~0.7 yum/min.* The intracellular
calcium elevation at the uropod during migration ini-
tiated uropod retraction, whereas the dissipation of
this [Ca®"]; gradient by loading osteoclasts with the
Ca®" chelator BAPTA abolished uropod retraction.
Therefore, it is reasonable to deduce that fluid flow
may induce the gradient distribution of [Ca®"]; within
an osteoclast, after which the local calcium gradient
regulates the dynamics of focal adhesion at the front or
rear parts and further controls the directional migra-
tion. More investigations need to be done to clarify the
relation between intracellular calcium gradient and
osteoclast migration.

For RAW264.7 cells induced for 4 or 8 d, the
present results (Fig. 5) showed that the calcium sig-
naling pathways were not involved in osteoclast
migration, which is significantly different from their
undifferentiated states. Our previous study has shown
that under FSS stimulations, small osteoclasts possess
more calcium responsive peaks than large osteo-
clasts.” Increasing FSS enhances the calcium oscilla-
tion of osteoclasts at early induction but impedes it at
late induction. Furthermore, the calcium responsive
sensitivity of osteoclasts to FSS is reduced along with
the fusion of osteoclasts. Similarly, another study on
RANKL-induced calcium oscillation for osteoclasts
with different nuclei has indicated that the capability
for calcium oscillation in the early differentiation is
stronger than that in late differentiation.”® These re-
sults imply that the cells become tardy in the calcium
response to fluid flow stimulation at the terminal dif-
ferentiation stage of osteoclasts, thereby resulting in
the halting of motile osteoclasts so that they serve their
function of resorbing bone minerals.

In conclusion, this study shows that fluid flow first
activates the calcium signaling pathways and then
regulates the cellular migration along flow direction in
mononuclear osteoclasts (Fig. 6). If the pathways are
inhibited, the cells lose the capability to sense the flow
direction and will migrate randomly. When the
monocytes fuse into multinucleated osteoclasts, cal-
cium signaling pathways will not be involved in flow-
induced migration.
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