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ABSTRACT

It was found that preosteoblast MC3T3-E1 cells were less responsive in calcium signaling than mature osteocyte MLO-Y4 cells when a
steady fluid flow was exerted on a micropatterned cell network. However, the effect of fluid flow on the calcium response in preosteocyte
MLO-A5 was seldom investigated. In the present study, MLO-A5 as well as MC3T3-E1 and MLO-Y4 cells were cultured on a regular sub-
strate with high or low density under unidirectional or oscillatory fluid flow. The results showed that calcium oscillation in the cells during
late osteogenesis was significantly stronger than during early osteogenesis regardless of the fluid flow type or the presence of a physical cell–
cell connection. Calcium oscillation produced by the oscillatory flow in the three types of cells was stronger than that produced by the unidi-
rectional flow, but MC3T3-E1 and MLO-A5 cells exhibited limited potential for calcium oscillation compared with MLO-Y4 cells. After
suramin was used to block the binding of extracellular adenosine triphosphate (ATP) to the membrane P2 receptor, the calcium oscillation
in the three types of bone cells with or without physical connections was significantly suppressed as a single responsive peak under unidirec-
tional flow. For the ATP-blocking group of low-density cells under oscillatory flow, the number of oscillation peaks in three types of cells
was still more than two. It indicates that besides the ATP pathway, other mechanosensitive calcium pathways may exist under oscillatory
flow. The present study provided further evidence for the osteogenic stage-dependent calcium response of bone cells under unidirectional or
oscillatory fluid flow.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128696

INTRODUCTION

Osteogenesis is the process of bone tissue formation and is
initiated by osteoblasts derived from mesenchymal stem cells.
Active osteoblasts synthesize the organic matrix of bone, including
collagen, osteocalcin, and osteopontin, and produce calcium and
phosphate to precipitate the mineral hydroxyapatite. Mature osteo-
blasts are gradually embedded into the mineralized matrix and
finally differentiate into osteocytes. At different osteogenic stages,
the bone cells exhibit different phenotypes, such as expression of
osteogenetic markers and cellular morphology.1 Active preosteo-
blasts on the bone surface display plump or cuboidal morphology
and can express periostin. The postosteoblasts or preosteocytes
embedded in the osteoid have long processes with dendritic

projections and contain abundant alkaline phosphatase (ALP). The
mature osteocytes in the mineralized matrix express osteocalcin
and are in contact with the neighboring osteocytes through the
dendritic process. In vitro studies on bone cells usually involve
representative cell lines, such as preosteoblast MC3T3-E1,2 preos-
teocyte MLO-A5,1 and mature osteocyte MLO-Y4.3,4 Mechanical
stimulation enhances the osteogenic differentiation of bone cells.5–8

As an adaptive system, the bone incessantly remodels its structure
in response to external chemical and physical stimuli,9 and fluid
flow is regarded as an essential mechanical stimulant for bone
cells.10 Three types of fluid flow are typically used in in vitro exper-
iments of osteoblasts and osteocytes, that is, steady, pulsating, and
oscillatory fluid flow.11–13 However, a systematic study involving
the above mentioned three cell lines at different osteogenic stages
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under unidirectional and oscillatory fluid flow has not yet been
conducted.

Calcium is an important second messenger within a cell.
The fluctuation of intracellular calcium concentration ([Ca2+]i)
is usually called calcium response, which plays a key role in
osteogenesis.14–16 Previous studies found that fluid flow could
induce calcium response and intercellular calcium transfer in bone
cells.17–22 The two possible pathways responsible for intercellular
calcium transfer are gap junction and adenosine triphosphate (ATP).
Osteoblasts on the bone surface form a cell monolayer connected
with gap junctions,23 whereas osteocytes in the dispersed lacunae
build a cell network with their numerous dendritic and long pro-
cesses connected by gap junctions.24–26 Gap junctions primarily
regulate the mechanical stimulation-induced intercellular calcium
transfer.27 ATP molecules are released from mechanically stimu-
lated osteoblasts or osteocytes,28,29 diffused in the extracellular
solution, and bound with the P2 receptor of the neighboring cells
to activate the intracellular calcium response.30 Some studies
showed that the intercellular calcium transfer through gap junc-
tion only appears in osteoblasts of long-term culture of 1–4
months, and the ATP pathway dominates the transient calcium
response in osteoblasts or osteocytes.31–33

In our previous studies, we used microcontact printing to
establish cell networks of MC3T3-E122,34,35 or MLO-Y436,37 with
controlled spacing and functional intercellular gap junctions.
The chemical reagent 18α-GA was used to block the intercellular
calcium transfer through the gap junction. However, some
researchers demonstrated that 18α-GA interferes with the regular
release of ATP from the cytoplasm to the pericellular environ-
ment through hemichannels.38 We further established a micropat-
terned cell network without intercellular connection.39 But it is
still difficult to avoid abnormal effects of the micropatterned sub-
strate on the biological behavior of cells. Therefore, we investi-
gated the effect of gap junctions on intercellular calcium transfer
by freely seeding the cells at high and low density. We determined
in our previous study that the mature osteocyte MLO-Y4 network
is more sensitive and dynamic than the preosteoblast MC3T3-E1
network, particularly under low-level mechanical stimulations.36

However, the mechanisms underlying the way MLO-A5 cells,
which represent postosteoblasts or preosteocytes, respond to
mechanical stimulations remain unknown.

In the present study, we established cell networks with or
without physical gap junctions by controlling the growth density of
the three types of cells, namely, MC3T3-E1, MLO-A5, and MLO-Y4,
which are at different osteogenic stages. We examined how these
bone cells responded to unidirectional and oscillatory flow and
whether intercellular calcium transfer for the cell network occurred
without physical connections. We also investigated whether blocking
the ATP pathway suppressed calcium oscillation completely.

MATERIALS AND METHODS

Cell culture

Three types of cell lines were used in this study. MLO-A5 and
MLO-Y4 cell lines were kindly donated by Dr. Lynda Bonewald
(University of Missouri-Kansas City, USA), and the cells were
cultured on glass slides (Huanyujinying, China) with type I rat tail

collagen (BD Biosciences, USA) in α-MEM supplemented with 5%
fetal bovine serum (FBS, Gibco, USA), 5% calf serum, and 1%
penicillin/streptomycin (Sigma, USA).1,3 MC3T3-E1 cells were pur-
chased from the American Type Culture Collection (ATCC, USA)
and cultured on glass slides with type I rat tail collagen in α-MEM
containing 10% FBS and 1% penicillin/streptomycin. Cells were
maintained at 37 °C and 5% CO2 in a humidified incubator.

Custom-made parallel-plate flow chamber

We designed and built a parallel-plate flow chamber for unidi-
rectional or oscillatory flow on cells [Fig. 1(a)]. The cover made
with polymethyl methacrylate, and the silicon rubbery gasket was
mounted with the slide with a vacuum pump. The gasket with a
rectangular hole was used to form the chamber of 5 mm in width
(w) and 0.5 mm in height (h) [Fig. 1(b)]. The flux Q in the flow
chamber was precisely controlled by a peristaltic pump. The wall
fluid shear stress (FSS) τ experienced by cells was calculated using
the equation τ ¼ 6Qη=(wh2), where η is the viscosity coefficient of
fluid. The fluid was driven by the pump and flowed in one direc-
tion, after which a unidirectional flow was applied to the cells.

Furthermore, a peristaltic pump (Longer Pump Company,
China) was linked to an external control module RS485 and con-
nected to a computer to establish oscillatory fluid flow [Fig. 1(a)].
The software Huahua mouse time clicker V6.4, which automatically
controls the position of the mouse (Huahua Software Studio,
China), and the control software of the peristaltic pump were used
to automatically change the flow direction [Fig. 1(d)]. Thus, the
oscillatory fluid flow was applied to the cells. We adopted oscilla-
tory flow with 2 Pa FSS magnitude and at 0.25 Hz frequency.

Cell monolayer with or without a physical gap
junction

The cells were seeded on the glass slides with high or low
density [Figs. 1(c), 2(a), 2(c), and 2(e)] to establish a cell monolayer
with or without a physical gap junction. The high and low cell den-
sities were measured prior to exposing the cells to fluid flow, that
is, 190 ± 76/mm2 and 62 ± 31/mm2 for MC3T3-E1 cells [Fig. 2(b)],
384 ± 74/mm2 and 90 ± 36/mm2 for MLO-A5 cells [Fig. 2(d)], and
170 ± 38/mm2 and 50 ± 18/mm2 for MLO-Y4 cells [Fig. 2(f )].
The mean values of high and low densities for one type of cells
were significantly different. Furthermore, in the high-density group,
the cells that obviously separated with their neighboring cells were
excluded. In low-density groups, the cells with obvious contact
were excluded. Thus, the effect of the physical gap junction on
calcium response was investigated.

Measurement of intracellular calcium response under
fluid flow

The cells on the glass slide were incubated in a humidified incu-
bator with 5 μM Oregon Green 488 BAPTA-1 medium (Molecular
Probes, USA) for 30min and then rinsed with phosphate-buffered
saline thrice to stain the intracellular calcium ions. The slide was
mounted into the flow chamber. The entire operation was performed
with extreme caution to minimize the response of cells to early
agitations. When the flow chamber was placed under a microscope,
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a 20min resting period was necessary to allow the cells to recover to
a stable state for repetitive calcium responses.40 The calcium
response of the cells under unidirectional or oscillatory flow stimula-
tion was recorded with a high-speed charge-coupled device camera
(ANDOR, UK) for 10min, i.e., 1 min for baseline followed by 9min
for flow stimulation. The peristaltic pump was connected to the
chamber to run the fresh working medium, including the culture
medium or blocking reagent, through the chamber with a desired
flow rate to maintain the FSS level. The fluorescence intensity of
each cell was subtracted from the background values and normalized
by their corresponding baseline. Suramin (MedChemExpress, USA)
was used to block the binding of ATP with a membrane P2
purinergic receptor to investigate the roles of the ATP pathway in
calcium response and propagation.41 In this study, 100 μM suramin

in the culture medium was applied to the cells 30min before
exposure to fluid flow. More than 50 cells from at least three slides
for each group were analyzed.

Data analysis

The percentage of responsive cells in each group was
evaluated. A cell was considered responsive to flow stimulation
if it successfully released a calcium spike with a magnitude four
times higher than its fluctuations during baseline measurement.21

Therefore, the subsequent calcium response conforming to this
definition was regarded as a responsive peak although it might be
weaker than the first peak. The number of [Ca2+]i peaks during the
stimulation period was counted for all responsive cells and is

FIG. 1. Experimental design and defi-
nition of parameters. (a) Schematic of
the experimental setup. (b) Schematic
of the parallel-plate flow chamber. (c)
Schematic of cells with high and low
density. (d) The profile of unidirectional
and oscillatory flow. (e) The character-
istic parameters of flow-induced
calcium response. t1 denotes the time
from flow onset to the first response
peak; t2 is the time from the first peak
to 50% relaxation; t3, t4, t5, t6, t7, and t8
are the time intervals between different
peaks. m1 represents the normalized
magnitude of the first peak.
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shown in Figs. 5 and 6. Several parameters of responsive peaks
were defined [Fig. 1(e)] to quantitatively evaluate the properties of
flow-induced calcium response. The magnitude of the first [Ca2+]i
peak was denoted as m1. The time t1 from the onset of fluid flow to
the maximum value of the first responsive spike was determined to
evaluate the cells’ speed of response to mechanical stimulation.
Relaxation time t2 is the time for the first peak dropping 50% of its
magnitude. t3, t4, t5, t6, t7, and t6 are the time intervals between the
successive peaks.

One-way analysis of variance was used to determine the sig-
nificant difference of each parameter between various types of cell
lines, between high- and low-density groups, between control and
suramin-treated groups, or between unidirectional and oscillatory
fluid flow. Data are shown as mean ± standard deviation (SD).
The mean values between different groups were significantly
different at p < 0.05. The condition of equal population variances
of groups was tested by Bonferroni’s post hoc analysis.

RESULTS

Unidirectional flow induces strong calcium oscillation
in cells during late osteogenesis

The pseudocolor fluorescent images of MC3T3-E1, MLO-A5,
and MLO-Y4 cells with high or low density after unidirectional
flow stimulation are shown in Fig. 3(a). The mean intensity of each
cell in the time-lapsed images relative to the corresponding baseline

value before fluid flow was calculated to indicate the change of
[Ca2+]i. Some typical [Ca2+]i traces of unidirectional fluid flow
are shown in Figs. 3(b)–3(e). The untreated MLO-Y4 or MLO-A5
cells revealed repetitive, spikelike [Ca2+]i peaks, and some cells
responded more than 10 times during the 9 min flow stimulation
[Figs. 3(b) and 3(c)]. In addition, the [Ca2+]i peaks of MLO-Y4 or
MLO-A5 cells appeared had a sharp profile. Most of the
MC3T3-E1 cells showed a relatively strong peak at the initial stage
of fluid flow followed by a few weak peaks.

Under unidirectional flow stimulation, MC3T3-E1, MLO-A5,
and MLO-Y4 cells in untreated groups with high density had
the responsive percentages of 45%, 69%, and 99%, respectively
[Fig. 5(a)]. The average numbers of [Ca2+ ]i peaks were 1.6, 2.8,
and 4.5, respectively [Fig. 5(c)]. The mean values of the two above-
mentioned parameters were significantly different for the three
types of bone cells, and the cells at the late osteogenic stage had a
higher responsive percentage and stronger calcium oscillation than
those of the cells at the early osteogenic stage. The parameters of
the first peak reflected the sensitivity of a cell to flow stimulation.
The average values of t1 for MLO-A5 and MLO-Y4 cells were 23
and 12 s, which were significantly shorter than the 59 s of
MC3T3-E1 cells [Fig. 6(a)]. Thus, the bone cells at the late stage of
osteogenesis are sensitive to flow stimulation. t2 and m1 of the first
peak did not differ significantly for the three types of bone cells.
Thus, the responsive level of cytosolic calcium or its recovery
ability is similar for bone cells during osteogenesis.

FIG. 2. Cell culture with different den-
sities. Light microscopy images of (a)
MC3T3-E1, (c) MLO-A5, and (e)
MLO-Y4 cells cultured on slides with
high or low density. Scale bar, 50 μm.
Box charts showing the density distri-
bution of (b) MC3T3-E1, (d) MLO-A5,
and (f ) MLO-Y4 cells, in which the
ends of whiskers represent the 5th and
95th percentiles, and the square
denotes the mean value. The middle
line in each box plot represents the
median and the square denotes the
mean; the top and bottom margins of
the box represent the 75th and 25th
percentiles; the whiskers extend to the
95th and 5th percentiles.
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FIG. 3. Effects of cell density and ATP
pathway on the flow-induced calcium
response in bone cells under unidirec-
tional flow. (a) Time-lapsed pseudo-
color fluorescent images and (b)–(e)
typical calcium responsive curves of
MC3T3-E1, MLO-A5, and MLO-Y4
cells with different cell density and with
suramin treatment or not. The digits on
the cells indicate the number of
calcium responsive peaks during the
9 min of flow stimulation. Scale bar,
50 μm.
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Oscillatory flow produces calcium oscillation levels in
bone cells higher than that produced by
unidirectional flow

The pseudocolor fluorescent images of MC3T3-E1, MLO-A5,
and MLO-Y4 cells with high or low density after oscillatory flow
stimulation are shown in Fig. 4(a). Figures 4(b)–4(e) show the typical
[Ca2+]i traces of MC3T3-E1, MLO-A5, and MLO-Y4 cells under
oscillatory flow. Similar to the cells under unidirectional flow, the
untreated MLO-Y4 or MLO-A5 cells revealed repetitive, spikelike
[Ca2+]i peaks during the 9min flow stimulation [Figs. 4(a) and 4(b)].
However, the untreated MC3T3-E1 cells mostly exhibited two to
three spikelike [Ca2+]i peaks compared with the unidirectional
flow groups and significantly less than those of MLO-A5 and
MLO-Y4 cells.

Under oscillatory flow stimulation, the responsive percentages
of MC3T3-E1, MLO-A5, and MLO-Y4 cells in untreated groups
with high density were 92%, 97%, and 100%, respectively [Fig. 5(a)],
and the average numbers of [Ca2+ ]i peaks were 2.2, 2.8, and 5.6,
respectively [Fig. 5(c)]. Compared with the unidirectional flow, the
responsive percentages of MC3T3-E1 and MLO-A5 cells were signifi-
cantly increased in oscillatory flow and almost close to those of the
MLO-Y4 cells. In addition, the numbers of [Ca2+]i peaks of MLO-Y4
cells under oscillatory flow were significantly higher than those
under unidirectional flow, whereas MLO-A5 and MC3T3-E1 cells
did not significantly differ under both types of fluid flow. Thus, oscil-
lating flow improves flow-induced calcium response in bone cells
and promotes flow-induced calcium oscillation in the cells during
late osteogenesis compared with unidirectional flow.

Similar to the unidirectional flow group, the average value of
t1 for MLO-Y4 cells was 11 s, which was significantly shorter than
19 s for MC3T3-E1 cells and 24 s for MLO-Y5 under oscillatory
flow [Fig. 6(a)]. In addition, the average value of t1 for MC3T3-E1
cells under oscillatory fluid flow significantly decreased from 59 s
to 19 s, thereby indicating that the MC3T3-E1 cells are more sen-
sitive than unidirectional flow under oscillatory fluid flow. The t2
of MLO-Y4 cells under oscillatory flow was shorter than those of
MC3T3-E1 and MLO-A5 cells and significantly lower than that
of MLO-A5 cells [Fig. 6(c)]. Moreover, m1 of the first peak of
MLO-Y4 cells was significantly greater than those of MC3T3-E1
and MLO-A5 cells [Fig. 6(e)]. The responsive level of cytosolic
calcium or its recovery ability significantly increased along
with osteogenesis under oscillatory flow compared with unidirec-
tional flow.

Loss of physical cell–cell connection reduces calcium
oscillation under flow stimulations

The bone cells were cultured with low density, and cells far
from each other and without visible cell–cell connections were ana-
lyzed to clarify the mechanism underlying flow-induced calcium
oscillation. Under unidirectional flow stimulation, approximately
80% of MC3T3-E1, MLO-A5, or MLO-Y4 cells with low density
were responsive to fluid flow [Fig. 5(b)]. Compared with the cells
with high density, MC3T3-E1 cells with low density had a signifi-
cantly high response percentage. In addition, calcium oscillation
occurred even without intercellular connections [Fig. 5(b)]. The
average numbers of [Ca2+]i peaks of responding cells were

significantly different for three types of bone cells, and their values
were 1.6, 1.8, and 3.2, respectively [Fig. 5(d)]. The average numbers
of [Ca2+]i peaks of MLO-A5 or MLO-Y4 cells were significantly
decreased compared with those of high-density groups. The t1
and m1 of the first peaks were not significantly different among
the three types of bone cells [Figs. 6(b) and 6(f )], but t2 of
MC3T3-E1 was significantly larger than the other two types of
cells [Fig. 6(d)]. This result suggests that the time needed by pre-
osteoblasts to recover their baseline level of [Ca2+]i is longer than
that needed by the bone cells at the late stage of osteogenesis at
low density.

Under oscillatory flow stimulation for MC3T3-E1, MLO-A5,
or MLO-Y4 cells with low density, their response percentages were
83%, 88%, and 97%, respectively [Fig. 5(b)], and the average numbers
of [Ca2+]i peaks were 2.1, 1.8, and 4.4, respectively [Fig. 5(d)].
The responsive percentage of MLO-Y4 cells was significantly
higher than that of MLO-A5 cells. Moreover, the average numbers
of [Ca2+]i peaks of MLO-Y4 cells were significantly greater than
MC3T3-E1 and MLO-A5 cells. In addition, compared with high-
density groups, the average numbers of [Ca2+]i peaks of MLO-A5
and MLO-Y4 cells significantly decreased. The t1 was not signifi-
cantly different for the three types of bone cells [Fig. 6(b)], but t2
of MLO-A5 was significantly larger than that of the two other types
of cells [Fig. 6(d)]. The m1 of the first peaks of MLO-Y4 cells was
significantly greater than that of MLO-A5 cells [Fig. 6(f )].
Compared with unidirectional flow, the t2 of MLO-A5 and
MLO-Y4 cells under oscillatory flow significantly increased. Thus,
the time needed by bone cells under oscillatory flow to recover
their baseline level of [Ca2+]i is longer than that of bone cells under
unidirectional flow at low density.

ATP pathway regulates flow-induced calcium
oscillation

The ATP pathway is another mechanism that regulates flow-
induced calcium oscillation. When suramin inhibited the binding
of ATP with the P2 receptor, only one [Ca2+]i peak was observed in
the cells with or without physical connections under unidirectional
flow [Figs. 3(d) and 3(e)]. The responsive percentage ranged from
48% to 77%, but no significant difference was detected for different
types of bone cells and different cell densities [Figs. 5(a) and 5(b)].
Compared with the untreated groups, inhibition of the ATP
pathway significantly influenced the responsiveness of only
MLO-Y4 cells with high density and MC3T3-E1 cells with low
density. In addition, ATP blocking significantly decreased the
magnitude of the first responsive peaks for bone cells during the
late osteogenic stage, that is, MLO-A5 and MLO-Y4 with high
density or MLO-Y4 with low density [Figs. 6(e) and 6(f )]. The t1
of MLO-Y4 cells was significantly shorter than that of MLO-A5
cells with high density [Fig. 6(a)]. The t2 of MLO-Y4 cells was sig-
nificantly shorter than that of MLO-A5 cells regardless of cell
density [Figs. 6(c) and 6(d)] and was shorter than that of
MC3T3-E1 cells with high density [Fig. 6(c)]. The ATP pathway
mainly regulated calcium oscillation but did not influence the first
responsive peak.

Under oscillatory flow stimulation, when suramin inhibited
the binding of ATP with the P2 receptor, more than two [Ca2+]i
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FIG. 4. Effects of cell density and ATP
pathway on the flow-induced calcium
response in bone cells under oscillatory
flow. (a) Time-lapsed pseudocolor fluo-
rescent images and (b)–(e) typical
calcium responsive curves of
MC3T3-E1, MLO-A5, and MLO-Y4
cells with different cell density and with
suramin treatment or not. The digits on
the cells indicate the number of
calcium responsive peaks during the
9 min flow stimulation. Scale bar,
50 μm.
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peaks were observed in the cells with or without physical connec-
tions [Figs. 4(d) and 4(e)]. The responsive percentage of the blocking
groups ranged from 90% to 100%, and the difference among bone
cells or cell density groups was not significant [Figs. 5(a) and 5(b)].
However, compared with the unidirectional flow, the responsive
percentage of MLO-A5 or MLO-Y4 cells with high density and
MC3T3-E1 cells with low density under oscillatory flow was sig-
nificantly high. The average numbers of [Ca2+]i peaks of blocking
groups were 2.1, 1.8, and 3.6 for the cells with high density,
respectively, and 2.0, 1.5, and 3 for those with low density
[Figs. 5(c) and 5(d)]. In comparison with the untreated groups,
the MLO-A5 and MLO-Y4 cells in high-density groups or
MLO-Y4 cells in low-density groups were significantly decreased
in the ATP-blocking groups with the average numbers of [Ca2+]i
peaks. In terms of unidirectional flow, the MC3T3-E1 and MLO-Y4
cells of the ATP-blocking groups were significantly increased under
oscillatory flow for the average number of [Ca2+]i peaks. This phe-
nomenon implied that oscillating flow may trigger other signaling
pathways that facilitate the uptake of extracellular calcium ions into
cells in addition to the ATP pathway. When the binding of ATP
with P2 receptor under oscillatory flow was inhibited, except for
MC3T3-E1 in low-density groups, t2 of other groups was signifi-
cantly longer than that under unidirectional flow, which explained
the other existing calcium signaling pathways.

DISCUSSION

The cytosolic calcium response of the three cell lines, namely,
MC3T3-E1 (osteoblasts), MLO-A5 (preosteocytes), and MLO-Y4
(osteocytes) cells, at different osteogenic stages under the stimula-
tion of unidirectional or oscillatory fluid flow was systematically
investigated and compared. MC3T3-E1 was established from
normal mouse calvarias, in which the osteoblast-specific factor 2
(also called as periostin) is expressed.1,2 The cell line MLO-Y4
has the characteristics of mature osteocytes and is established
from a long mouse bone.3,4 Compared with osteoblasts, MLO-Y4
cells express long dendritic processes and produce small amounts
of alkaline phosphatase (ALP) and type I collagen, large amounts
of osteocalcin, and very large amounts of connexin43, a gap junc-
tion protein. MLO-A5 was obtained from a long mouse bone and
it expressed ALP, type I collagen, parathyroid hormone/parathy-
roid hormone-related peptide (PTH/PTHrP), bone sialoprotein
(BSP), and osteocalcin.1 MLO-A5 also expressed periostin, the
osteoblast-specific factor 2, suggesting that these cells still possess
osteoblast properties. In contrast to osteoblast progenitor cells,
mineralization by MLO-A5 was rapid. MLO-A5 most likely repre-
sents a much later stage of differentiation, that of postosteoblasts,
preosteocyte capable of triggering mineralization of osteoid. The
present work was the first to study the mechanically stimulated
calcium response in MLO-A5 cells and to compare it with that of

FIG. 5. Property of flow-induced
calcium oscillation in bone cells with
high and low density. (a) and (b) The
percentage of responsive cells; (c) and
(d) the average number of responsive
peaks in MC3T3-E1, MLO-A5, and
MLO-Y4 cells with high and low
density under unidirectional (U) and
oscillatory (O) flow. * represents the
significant difference between the two
connected groups and # is with the
corresponding high density group. +
means significant difference with the
corresponding MC3T3-E1 group, ‡ is
between MC3T3-E1 and MLO-A5
groups, and + is with the correspond-
ing MLO-A5 group but not the
MC3T3-E1 group.

Biomicrofluidics ARTICLE scitation.org/journal/bmf

Biomicrofluidics 13, 064117 (2019); doi: 10.1063/1.5128696 13, 064117-8

Published under license by AIP Publishing.

https://aip.scitation.org/journal/bmf


osteoblasts and osteocytes. The bone cells had a higher responsive
percentage and stronger calcium oscillation during the late osteo-
genic stage than during the early osteogenic stage regardless of the
type of flow stimulation. This result is consistent with our previous
results about osteoblasts and osteocytes.37 Therefore, MLO-A5 cells
embedded in the osteoid could enhance their ability to sense
mechanical stimulation compared with MC3T3-E1. When the cells
were completely trapped within the mineral matrix and finally
become mature osteocytes (MLO-Y4), they became mostly sensitive
to mechanical stimulation within the bone.

The study results demonstrated that the responsive percent-
ages of MC3T3-E1 and MLO-A5 and the number of [Ca2+]i peaks
of MLO-Y4 cells under oscillatory flow close to the in vivo physio-
logical environment around cells were significantly higher than
those under unidirectional flow. Weinbaum’s theoretical model pre-
dicted that the intrinsic sensitivity of bone cells decreases with
increasing frequency, because the rapid switching of flow direction
reduces or counteracts the effect of increasing FSS.24 A previous study
showed that the in vitro oscillatory flow was far less stimulating on
osteoblasts than the unidirectional flow at 0.5–2Hz and 2 Pa, thereby

FIG. 6. Sensitivity of the flow-induced
calcium response in bone cells with
high and low density. (a) and (b) Time
to the first peak; (c) and (d) time to the
50% relaxation of the first peak; (e)
and (f ) magnitude of the first peak in
MC3T3-E1, MLO-A5, and MLO-Y4
cells with high and low density under
unidirectional (U) and oscillatory (O)
flow. * represents the significant differ-
ence between the two connected
groups and # is with the corresponding
high density group. + means significant
difference with corresponding
MC3T3-E1 group, ‡ is between
MC3T3-E1 and MLO-A5 groups, and
+ is with the corresponding MLO-A5
group but not theMC3T3-E1 group.
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decreasing responsiveness with increasing frequency.12 The oscillatory
flow with the low frequency of 0.1–0.8 Hz was more stimulating than
steady flow, and responsiveness decreased with increasing frequency
from 0.2 Hz to 0.8Hz.42 In the present study, we adopted the rela-
tively low frequency of 0.25 Hz of fluid flow and did not investigate
the effect of oscillating frequency on calcium response.

We established a cell monolayer with or without a gap
junction by controlling cell density to study the role of intercellular
signaling pathways in bone cells at different stages of osteogenesis.
The loss of gap junction reduced the number of [Ca2+]i peaks and
the responsive ability of the cells, although no effect was observed
on the first peak. In addition, the effect of oscillatory flow on
calcium response in the cells was higher than that of unidirectional
flow. In contrast to the osteogenic stage-dependent responsive per-
centage of the cells with high density under unidirectional flow, the
three types of bone cells with low density had similar responsive
percentages, i.e., approximately 80% [Fig. 5(b)]. MC3T3-E1 cells
with low density were significantly more responsive than those
with high density. Our previous numerical simulation showed that
the hydrodynamic parameters, such as FSS or strain rate, around
the micropatterned cells were obviously higher than those on a
blank substrate because of the direct exposure of micropatterned
cells to fluid flow.43 Considering the low height of the high-density
cells compared with low-density cells, the enhanced FSS for low-
density groups may activate more MC3T3-E1 cells than the high-
density groups. In our previous studies,22,34–37 we seeded the cells
on micropatterned islands with 300–400 μm2 area, which was
smaller than approximately 1000 μm2 for the osteoblasts or osteo-
cytes cultured on a blank surface. These micropatterned bone cells
with constrained spreading areas revealed an FSS dose-dependent

phenomenon, and nearly all of the MC3T3-E1 or MLO-Y4 cells
responded to 2 Pa FSS.36

Regardless of cell density and cell types in unidirectional flow,
the numbers of [Ca2+]i peaks decreased from two to five in control
groups to only one in the ATP-blocking groups [Figs. 5(c) and 5(d)].
Thus, the ATP pathway was critical to calcium oscillation. This
result was consistent with our previous studies on micropatterned
MC3T3-E1 or MLO-Y4 cell networks, in which the blocked ATP
pathway significantly reduced the flow-induced calcium oscillation
into a single peak.22,36 The calcium oscillation of MLO-A5 and
MLO-Y4 cells with low density was significantly lower than those
with high density [Figs. 5(c) and 5(d)], which may have been
caused by the long diffusion distance for ATP in low-density
groups. FSS could induce ATP efflux from the cytosol to the peri-
cellular environment.44,45 Although FSS around the cells without
physical connection may be higher than the cell monolayer at high
density, ATP molecules released from the mechanically stimulated
cells diffused across a long distance to bind to P2 receptors of the
neighboring cells and further activated their intracellular calcium
response. Given that calcium oscillation in cells with physical cell–
cell connections at high density was not observed after blocking the
ATP pathway, the [Ca2+]i transfer through the gap junction among
cells may not contribute to the subsequent response peaks after the
first peak (Fig. 7).

Oscillatory flow might significantly stimulate the cells with high
or low density in ATP-blocking groups compared with unidirectional
flow. Under oscillatory flow, the number of [Ca2+]i oscillation peaks
was two in the ATP-blocked cells during the early and intermediate
osteogenesis and three in the cells during the late osteogenesis,
regardless of cell density (Fig. 7). However, only one peak in the

FIG. 7. Schematic of calcium response
and intercellular calcium transfer
among bone cells at different osteo-
genic stages.
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ATP-blocking group was observed under unidirectional flow.
Considering that the first [Ca2+]i oscillation peak in cells is usually
produced by calcium outflow from the intracellular calcium pool,
the oscillatory flow might activate calcium response in bone cells
through other mechanosensitive channels. A previous study
found that blocking the stretch-activated membrane ion channel
with gadolinium chloride did not influence the calcium response
in MC3T3-E1 cells under 1 Hz oscillatory fluid flow, whereas the
L-type voltage-operated calcium channel did.46 Another study
found that the tension-activated sensitive channel, that is, tran-
sient receptor potential cation channel, subfamily M, and member
7, played an important role in calcium response in osteoblasts
under 0.2 Hz oscillatory flow.42 Therefore, multiple mechano-
transduction pathways in bone cells might exist, and these path-
ways may have complicated regulatory processes for calcium
response in bone cells in response to the magnitude, frequency,
and type of flow stimulation.

In conclusion, the flow-induced calcium response in bone
cells depends on osteogenic stages, i.e., calcium oscillation in the
cells during late osteogenesis is evidently stronger than the cells at
early osteogenesis. Low-frequency oscillatory flow leads to calcium
oscillation in bone cells at different osteogenic stages that is stron-
ger than that during unidirectional flow. In addition, the ATP
pathway dominantly regulates the flow-induced calcium oscillation
in bone cells with or without physical cell–cell connections. For
low-frequency oscillatory flow, other mechanosensitive ion chan-
nels might be responsible for calcium response or oscillation. These
results may provide further insights into the mechanism underlying
the mechanical regulation of bone remodeling.
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